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PREFACE 


The concept of a blood-retinal barrier is still relatively new 
in the ophthalmic literature. Whereas work on the blood-brain 
barrier was initiated in the first decade of this century, the blood- 
retinal barrier has only recently been defined. Information accu- 
mulated during the last 10 years has shown that the function of the 
blood-ocular barriers may be better understood if two main barrier 
systems are considered to exist in the eye. The blood-aqueous 
barrier regulates the exchanges between the blood and the intraocu- 
lar fluids, and the blood-retinal barrier separates the neural tissue 
from the blood. 


Recent studies have shown that the blood-retinal barrier plays 
a fundamental role in controlling the microenvironment of the retina. 
Similarly, the significance of the blood-retinal barrier in retinal 
disease has become increasingly clear. Fluorescein angiography has 
demonstrated an intricate series of relationships between altera- 
tions of the blood-retinal barrier and diverse retinal diseases, 
particularly vascular retinopathies and pigment epitheliopathies. 
Finally, in the past few years, vitreous fluorophotometry has pro- 
vided a new and accurate index of the alteration of the blood-retinal 
barrier. 


The blood-retinal barrier is a rapidly developing field of 
research. It is at a stage now in which the number of research 
workers is growing very fast but the information available is still 
dispersed. There is, therefore, a need for a reference book on the 
blood-retinal barriers that gives an integrated review of the new 
information available on the anatomy, ultrastructure, biochemistry, 
physiology, and pathophysiology of the blood-retinal barrier. This 
would be particularly useful not only for those currently working 
in this field, but for others who are attempting their first steps 
in this area of research. There is also a need to review the present 
knowledge on the blood-retinal barriers under the light of the 
available information on the blood-brain barrier. These barrier 
systems have many similarities, but whereas the blood-brain barrier 
shows a much greater wealth of research work, the blood-retinal 
barrier offers a different approach to examine similar problems. 


Mi PREFACE 


Communication between research workers in these areas is evidently 
of mutual interest. 


These were the main objectives of the Advanced Study Institute 
on "the Blood-Retinal Barriers" that was held in Espinho, Portugal, 
from September 10 to September 19, 1979. This book is comprised 
of the lectures given at the meeting. 


The first chapter reviews the basic mechanism of membrane 
permeability. It examines biochemical aspects, with special empha- 
sis on active transport, followed by a review on the mathematical 
analysis of the passive mechanisms. 


The second chapter explores the sites and functions of the 
blood-brain and blood-retinal barriers, particularly the morpholo- 
gical aspects of the barriers. 


The physiology and pharmacology of both barriers are then con- 
sidered at some length, with particular emphasis on the relationship 
of the blood-retinal barriers with intraocular fluid dynamics. The 
role the blood-retinal barrier takes in maintaining retinal homeo- 
stasis opens an entirely new and extensive area of research. 


The methods available to examine barrier permeability are 
critically evaluated. Fluorescein angiography has proved invaluable 
in showing how frequent the alteration of the barrier is in retinal 
disease. Vitreous fluorophotometry, on the other hand, is a more 
recent quantitative method that has opened interesting possibilities 
in early diagnosis of barrier alteration. It appears to be a 
research tool of much potential. 


Finally, the pathology of the blood-retinal barrier is examined 
with particular emphasis on the role of alterations of the barrier 
in the pathophysiological mechanisms of retinal disease. An attempt 
is made to separate the retinal pathology associated with alterations 
of the inner blood-retinal barrier from that characterized by break- 
down of the outer blood-retinal barrier. 


We hope this book will serve as a much needed reference source 
for students of the blood-retinal barriers and show the present 
limitations of our understanding of the basic mechanism of the blood- 
retinal barrier in both health and disease. 
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STRUCTURE AND FUNCTION OF CELL MEMBRANES 


Transport Across Single Biological Membranes 


Arselio P. Carvalho 
Center for Cell Biology, Department of Zoology 


University of Coimbra, Portugal 


SUMMARY 


Cellular membranes are composed of a phospholipid bilayer 
interrupted by intrinsic proteins embedded in the lipid layers. The 
membranes are asymmetric with respect to the disposition of the 
lipids and the proteins. The Ca*t-ATPase of sarcoplasmic reticulum 
is an example of an intrinsic protein with enzymatic activity. This 
enzyme requires lipid for ATP hydrolysis which is coupled to the 
transport of Ca2t jn exchange for Ht, Kt and Mg2*. The primary 
events of the transport process are the phosphorylation of the 
enzyme, the formation of a proton gradient and, possibly, the 
development of a membrane potential. The Ca2+-ATPase is similar to 
the Nat-Kt-ATPase in that both enzymes form a phosphorylated 
intermediate (E~P) in the process of generating ion gradients and 
these gradients can synthesize ATP. Electrochemical gradients 
generated across cell membranes drive the flow of other substances 
against their chemical gradients through specific ''carriers'' or 
porters which link the various transport systems. 


INTRODUCTION 


The cell membrane is a lipid bilayer with proteins embedded 
deeply into the lipid (3,7,10,20). The lipid bilayer is highly 
impermeable to ions and cell metabolites in general, but specific 
proteins, which span the entire thickness of the membrane, formpores 
or ''carriers'' (porters) which facilitate the transfer of substances 
across the membrane structure (20,78,82,90). Nevertheless, 
biological membranes remain highly selective permeability barriers 


(3°, 105-48). 
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The molecular basis of several transmembrane transport 
processes is rapidly being elucidated (48,49,80,81,90,94), and some 
clear generalizations are now possible. Thus, it appears that energy 
derived from ATP or from electron transport, or even directly from 
light, is preserved, in many cases, in the form of ion and electric 
gradients across cell membranes which can then be utilized to drive 
the transport of many substances and to synthesize ATP (48,49,80,95). 
Therefore, ''energization'' of the membrane results in the 
development of an electrochemical potential due to the pumping of 


ions (49). 


In mitochondria, the electron transport chain generates a 
proton and an electric gradient across the inner mitochondrial 
membrane during respiration, and this constitutes a store of energy 
which can be utilized to synthesize ATP or to transport other 
substances (49,88,91). Chloroplasts and photosynthetic bacteria 
capture energy from light part of which they also convert into an 
electrochemical gradient capable of synthesizing ATP and transporting 
metabolites (80,81,87-90). 


Another general process utilized by the cell to generate 
electrochemical gradients involves the utilization of ATP as the 
energy source. The reaction is catalized by an ATPase (Nat-Kt-ATPase 
or Ca2t+-ATPase) which is a protein inserted in the lipid bilayer of 
the cell membrane (10,73,74,78,82,84,94). The energy of ATP is first 
captured in an intermediate step by phosphorylation of the ATPase 
and, subsequently, dephosphorylation occurs in a process which is 
tightly coupled to the transfer of ions across the membrane (73,78, 
Bp apee The system may, generally, be viewed as indicated in 

1g. ° 


One important characteristic of this system is its reversibility, 


so that ATP promotes the formation of jon gradients which in turn 
promote the synthesis of ATP (15,31,47,55,84,88,94). The following 


OUTSIDE INSIDE 


MEMBRANE 


Fig. 1. Coupling between ATP hydrolysis and ion transport. 


STRUCTURE AND FUNCTION OF CELL MEMBRANES 3 
general reaction can be written: 


ADP 


1ON, Ee he ONene@P = E + P + IOND 


“ADP 


where ION, and ION? refer to the ions in the two sides of the 
membrane, E is the ATPase and E~P is the phosphorylated 
intermediate. 


| shall present here some of the principal current concepts of 
cell membrane organization, and then | shall describe some details 
of the Ca“t-ATPase of sarcoplasmic reticulum of skeletal muscle as 
an example of a membrane bound enzyme which is part of one of the 
simplest biological membranes capable of reversibly forming an ion 
gradient and synthesizing ATP. | shall also compare the properties 
of the Ca2t-ATPase with those of the better known membrane bound 
enzyme, the Nat-Kt-ATPase. Finally, | shall briefly describe the 
principle of the relationship which exists between the 
electrochemical gradients across biological tmembranes and their 
capacity to transport solutes. 


MEMBRANE ORGANI ZATION 


Danielli-Davson Membrane Model 


The classical picture of a biomembrane, before 1972, was that 
of an uninterrupted lipid bilayer with proteins on its surfaces 
(Eiaeak2),: 


It is only of limited interest to review here the experimental 
evidence which supported this arrangement of lipids and proteins in 
biological membranes. The older literature reviews this aspect 
extensively (63,64), and it will be of more interest to concentrate 
on the recent developments which have changed the immage of 
biological membranes, especially with respect to the organization 
of the proteins in the lipid bilayer. It is now accepted that, 
although some proteins sit on the surface of the lipid, many 
penerate the bilayer partially or completely (Fig. 3). 

The concept of the lipid bilayer, which was put forward in 1925 
by Gorter and Grendel (1) on the basis of sketchy evidence, has 
survived close analysis by modern technology. Gorter and Grendel 
found that if they spread all the lipid molecules of a red cell 
membrane side by side on a water surface they occupied an area 
about twice the area of the red cell membrane from which they had 
been extracted. On this basis, these investigators postulated that 
the lipids must be organized in the membrane as a bilayer with the 
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Fig. 2. Classical Danielli-Davson conception of a biomembrane. 
The lipid bilayer was sandwiched between two layers of ''unrolled'! 
protein. The unrolled protein would interact with the lipid through 
both polar and nonpolar forces. In addition, globular proteins 
would bind to the surface. Pores are lined with proteins and could 
contain charges on their walls. 


POLAR —>*, 


GROUPS 


apolar side chains of the lipids sequestered together away from 
contact with water, whereas the polar head groups of the lipids 
would be in direct contact with the aqueous phase on either side of 
the membrane (1). Subsequently, Danielli and Harvey (61) concluded 
that the surface tension of lipid globules in the aqueous part of 
mackerel eggs was very low, and suggested that the lipid must 
adsorb some emulsifying agent on its surface. Early chemical 
analysis showed that isolated membranes contain proteins and 
Danielli and Davson (60-62) postulated that such proteins would 
exist on the surface of the lipid bilayer of the cell membrane, as 
indicated in Fig. 2. Danielli explained the rapid diffusion of some 
types of molecules, which are lipid insoluble, by postulating the 
existence of ''pores'' in the lipid bilayer, lined with protein 
molecules (Fig. 2). This concept, which originated in the 1930's, 
was to remain basically unchanged until the early 1970's (3). 


Fluid Mosaic Membrane Model 


All recent membrane models include the idea that the lipid is 
in the form of a bilayer, but the proteins, although some may sit 
on the surface, penetrate the lipid bilayer partially or totally (3). 
Some of these proteins are tightly associated with the lipids and 
an integral part of the membrane continuum. These proteins are 
designated integral or intrinsic proteins, whereas those proteins 
more loosely bound to the rest of the membrane structure are 
designated peripheral or extrinsic proteins. This is really an 
operational definition proposed by Singer and Nicolson (3) which 
can be summarized as follows: 

Extrinsic (or peripheral) Proteins (constitute about 30% of 
the total membrane protein). 

1. Are dissociated from the membrane by mild treatment such 
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Fig. 3. The fluid mosaic model membrane. The phospholipids are 
arranged in a discontinuous bilayer with their polar heads in 
contact with water. The integral proteins are globular polypeptide 
chains partially embedded in the lipid bilayer and partially 
protruding. The protruding parts have charges and are in contact 
with water, while the nonpolar residues are buried in the 
hydrophobic part of the lipid bilayer. Cholesterol molecules are 
dispersed in the lipid bilayer. 


as increase in ionic strength and chelating agents. 

2. Are easily obtained free of lipid. 

3. Qnce dissociated, they are soluble in neutral aqueous 
buffers. F 

Intrinsic (or Integral) Proteins (constitute about 70% of the 

total protein 

1. Can be dissociated from membranes only by very drastic 
treatments with detergents or organic solvents. 

2. In many instances they remain associated with lipids when 
isolated. 

3. If isolated completely free of lipids, they are insoluble 
in aqueous buffers. 


Examples of peripheral proteins are the cytochrome c of the 
internal membrane of mitochondria and spectrin of the erythrocyte 
membrane both of which can be. removed by chelating agents under mild 
conditions (10,11,65). The Na*t-Kt-ATPase and the Ca2t+-ATPase of 
various sources constitute the best examples of integral proteins 
(6,32,11). The distinction between peripheral and integral proteins 
is useful in that it is assumed that only the integral proteins are 
critical to the structural integrity of biological membranes. Thus, 
the interactions of peripheral proteinswith the membranes, although 
of interest, are not of central importance to understand the basic 
membrane structure. 


Unfortunately, not all extrinsic membrane proteins can be 
removed by mild conditions. Proteins localized exclusively on the 
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outside of the lipid bilayer can make hydrophobic contacts with 
proteins that are themselves intrinsic to the membrane continuum, 
and these would require breaking the hydrophobic bounds to be 
released. The mitochondrial ATPase (5) and the calsequestrin of 
sarcoplasmic reticulum (6,32) are among the extrinsic membrane 
proteins which require chaotropic salts or detergents to be released. 
Probably the basic difference between extrinsic and intrinsic 
membrane proteins resides in the properties of their surfaces, the 
intrinsic proteins being much more hydrophobic than the extrinsic 
proteins. 


A membrane according to the model postulated by Danielli and 
Davson (62) would necessarily be unstable because the unfolded 
layer of protein would have many nonpolar residues exposed to water 
and would cover the hydrophilic ends of the lipid molecules whose 
interaction with water is essential for the stability of the 
monolayer. Furthermore, recent studies indicate that about 40% of 
the length of integral membrane proteins is not unfolded, but rather 
assumes a a-helix configuration, which suggests that the integral 
proteins probably are globular (4). If these globular proteins 
existed on the surface of the membrane, attached to the lipid, the 
membrane would have to be much thicker than the 70-100 & usually 
measured. 


The fluid mosaic model (Fig. 3) proposed by Singer and 
Nicolson (3) takes into account these difficulties. In this model 
it is assumed that the globular proteins are amphipathic, i.e., 
possess hydrophobic and hydrophilic ends. The hydrophobic end is 
embedded in the interior of the lipid bilayer which is hydrophobic, 
while the hydrophilic end projects into the aqueous medium 
surrounding the membrane. In some cases, the intrinsic proteins span 
the entire thickness of the membrane in which case they have two 
hydrophilic ends protruding out of the lipid bilayer and an 
hydrophobic middle portion embedded in the lipid (3,7). 


The State of the Lipid Bilayer 


lt has been shown that under physiological conditions the 
lipids of a functional cell membrane are in a fluid rather than 
in a gel state (11,12,20). The intrinsic proteins inserted in the 
fluid lipid bilayer are free to undergo lateral diffusion within 
the membrane, at rates determined by the viscosity of the membrane 
(8-11). In principle, other movements are also possible, as 
indicated in tek ee oe 

When the temperature of a pure crystalline lipid is raised, an 
endothermic transition occurs at a temperature which is specific 
for each lipid. At this temperature, the hydrocarbon chains of the 
fatty acids ''melt'' and become liquid-like in mobility, while the 
polar ends are still in a rigid, quasi-crystalline structure (9-12). 
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C. VERTICAL ROTATION 


Fig. 4. Proteins are free to move in the fluid lipid bilayer 
by: A. Lateral diffusion; B. Rotation in the plane of the membrane, 
and C. Rotation perpendicular to the plane of the membrane (11,12). 


The increase in disorder (or entropy) at the melting point occurs 
at the expense of an enthalpy change at a constant pressure, since 
the free-energy change is zero. 


This melting phenomenon can be detected by differential scanning 
calorimetry. By this technique, the sample and reference materials 
are kept at equal temperatures and the differential power needed to 
maintain the temperatures is recorded. This difference in power 
reflects the heat absorbed during the endothermic transition (Fig. 5). 


The transition temperature depends on both the polar and apolar 
parts of the lipids (phospholipids). The more unsaturated the lipid, 
the lower the transition temperature, since cis bonds decrease 
chain cohesion. Increase in chain length increases the interaction 
between chains and the transition occurs at higher temperature (12). 
The polar heads of the phospholipids also influence the transition 
temperature. Thus, dimyristoyl phosphatidyl ethanolamine melts at 
45°C, whereas dimyristoyl phosphatidyl choline melts at 25°C (13). 
Apparently, the interaction between the polar heads affects the 
melting temperature of the hydrocarbon chains. Therefore, it is not 
surprising that the ionic environment of the lipids has a strong 
influence on the transition temperatures. For example Ca‘? and Ht 
induce a better packing of the fatty chains and increase’ the 
transition temperature of anionic phospholipids (14). 


The lipids of the membrane are free to difuse laterally in the 
plane of the membrane. Devaux and McConnell (41) showed that PE in 
suo ules reticulum vesicles have a diffusion constant of about 
TER MNT 8 cm 2/sec at 40°C which is close to the value obtained in 
lecithin bilayers. This suggests that the interaction of the lipid 
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Fig. 5. Thermotropic transition of lipids from (A) crystalline 
to (B) liquid-crystalline phase. At the top is represented the 
recording of the differential heat flow over a range of temperatures. 
The peak occurs at the transition temperature. Above this 
temperature the lipids are in a fluid state. 


molecules with the Ca“+-ATPase molecules of sarcoplasmic reticulum 
does not greatly affect their rates of lateral diffusion. However, 
the lipids in the sarcoplasmic reticulum membrane probably are not 
free to ''flip-flop''. This was demonstrated for artificial 
phospholipid vesicles (42,43) and probably is also true for natural 
membranes. For a phospholipid molecule to jump from one monolayer 
to the other, the motion of flip-flop has to take place, which 
requires that the polar head passes through the hydrophobic core of 
the membrane (Fig. 6). This is indeed very improbable so that a 
given molecule, on the average, makes the passage only about once a 
month. However, the rapid lateral diffusion of the molecules in the 
fluid lipid makes the membrane an extremely dynamic system. 


Interaction Between Lipids and Proteins 


In natural membranes up to 1/3 of the area of the membrane may 
be occupied by intrinsic proteins inserted in the lipid bilayer 
(11). One layer of phospholipid one molecule thick is directly in 
contact with the intrinsic proteins, while the remaining lipids are 
in free bilayer form, not in direct contact with proteins (11,68,69). 
Therefore, the lipid molecules immediately in contact with the 
intrinsic proteins have their phase transition behavior altered. 
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Fig. 6. Bilayer of phospholipids. The phospholipids diffuse 
laterally but do not ''flip-flop!'' from one layer to the other. 


Thus, approximately 25% of the lipids of the membranes of A. laidlawii 
do not undergo the normal calorimetric transition (70). The intrinsic 
proteins also have an immobilizing effect on the neighboring lipid 
layer with which they come in contact as was shown with spin labels 
of lipids in membranes and in extracted lipids (11,12,71). Fig. 7 
represents the boundary lipid layer, one molecule thick, around an 
intrinsic membrane protein, such as an enzyme. The influence of 

this lipid "annulus'' on the enzyme is now in debate (101-103). 


Fig. 7. Representation of an intrinsic membrane protein 
surrounded by a lipid boundary one molecule thick. This layer of 
lipid does not undergo a normal phase transition because of its 
interaction with the protein. 


ENZYMATIC ACTIVITY OF INTRINSIC PROTEINS: 
THE EXAMPLE OF SARCOPLASMIC RETICULUM (SR) 


Whether we are considering membrane enzymes or membrane 
"carriers'', the environment in which they operate is rich in lipid. 
Therefore, let ue consider the effect of lipids on the enzymatic 
activity of intrinsic proteins. The enzyme we have studied most is 
the Ca2+-ATPase of sarcoplasmic reticulum (15-18,37,38,47,51,52, 
56-59). The SR membrane is a very simple membrane isolated from 
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muscle cells where it forms a network of tubules surrounding the 
myofibrils. The membranes of SR can be isolated in vesicular form 
by differential centrifugation and the vesicles obtained transport 
Ca2+ coupled to the hydrolysis of ATP (15,51,55,74,78,94). This 
membrane is composed of a lipid bilayer in which is embedded 
predominantly a single protein, the Ca“*-ATPase, with a molecular 
weight of about 105,000, which constitutes as much as 85% of the 
total membrane protein (Fig. 8). Other minor proteins also present 
are a high affinity Ca¢+ binding protein (HAP) with a molecular 
weight of about 54,000 and calsequestrin with a molecular weight of 
about 46,000 (CAL). In addition, there is a small band of proteolipids 
(PL) of molecular weight of about 12,000 (6,32). 


The lipid present in SR is mostly of the phospholipid type 
(Table |), in which phosphatidylcholine (70%) and phosphatidy]- 
ethanolamine (17%) predominate. The ratio of total lipid to protein 
is; about. 132,.. 1.és, about 173): by-weight-of (SRcis Vrpid (5)< thus, 
the lipid bilayer is densily populated with Ca“*t-ATPase molecules 
which are embedded in the lipid bilayer (Figs. 11 and 12). 


TABLE | 
LIPID COMPOSITION OF RABBIT AND LOBSTER SR 


The lipids were extracted in CHC13: CH30H mixtures and sepa- 
rated by TLC in silica gel G with a solvent mixture containing: 
CHC13: CH30H: 25% NH,OH: H20 (70:30:4:1, v/v). Inorganic phosphate 
was determined in the scraped spots previously digested with 70% 
HC10,. The values are the mean of two experiments. The molar ratios 
were estimated assuming that SR protein is 50% and 65% ATPase 
(M.W. 100,000 daltons) for rabbit and lobster SR, respectively (15). 


"0 a) enn 


Component Rabbit SR Lobster SR 
Total hpid 
mg/mg protein 0.68 0.99 
mg/mg Ca2t-pump 1.36 1252 
Phospholipid Classes % total mol/mole % total mol/mole 
of of 

Pj Ca2 - pump Pj Catt - pump 
Phosphatidyl choline 68.9 54.6 69.4 70.5 
Phosphatidylethanolamine 17.9 14.2 16.5 1On7, 
Phosphatidylserine 6.5 ee 6.5 6.6 
Sphingomyelin 3.5 2.8 Bey 3 oil 
Lysolecithin 2.4 1.9 283 233 
Origin on Chromatogram he) fez Lae Le 


Ce a ee ee 
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Fig. 8. Gel electrophoresis profile of SR isolated from rabbit 
skeletal muscle. The membranes were dissolved in Pi buffer, at 
pH 7.0, containing 1% SDS and 1% B-mercaptoethanol. About 70 ug of 
protein were applied in gels containing 10% acrylamide, 0.135% 
bisacrylamide and 0.1% SDS, and electrophoresis was carried out at 
8 mA per gel for about 6 hrs. Gels were stained with Coomassie blue. 
HAP, high affinity protein; CAL, calsequestrin. 


In Table | we compare the lipid composition of SR isolated from 
rabbit, an animal which maintains constant the temperature of its 
body with that of SR isolated from lobster, an animal whose body tem- 
perature fluctuates with that of the environment. There is a higher 
lipid content in lobster SR than in rabbit SR, but the phospholipid 
classes are similar (15). However, the activity of the Ca¢+-ATPase 
of the two preparations differs in its response to temperature 
variations. Fig. 9 shows that the Ca2+ ATPase of lobster SR 
is inactivated at 10°C lower than is the case for the ATPase of 
rabbit SR (17). We also found that Arrhenius plots of the Ca2+-ATPase 
ACTAVItY. sow caepreak tate 10.7-C¢ for rabbit SR, but at 1. 5°Ci tor 
Jobster SR» (15.16) as-shown in Fig, 10, 


Recently, further work carried out in our laboratory by Madeira 
and Antunes-Madeira (18) showed that the lobster SR phospholipids 
contain large amounts of unsaturated fatty acids which are present 
in low amounts in rabbit SR membranes. The total unsaturated fatty 
acids of phosphatidylcholines (PC) represent about 53% and 73% of 
the total fatty chains of rabbit and lobster, respectively. The 
values for the unsaturated fatty acids of phosphatidylethanolamines 
(PE) are 56% and 64%, respectively. 


The activities of many lipid-dependent enzymes are largely 
influenced by the physical state of the associated lipids (10,11,19) 
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Fig. 9. Thermal inactivation of the Ca2t-ATPase isolated from 
rabbit or lobster skeletal muscles (see reference 17 for experimental 
conditions). 


and, generally, the enzymes require the lipids in a fluid state for 
optimal activity. Therefore, changes in the physical state of the 
membrane lipids can be detected as alterations of the parameters of 
enzyme activities and other membrane associated phenomena (19, see 
references 10 and 20 for review). Arrhenius plots of lipid dependent 
enzyme activities are known to show breaks which can be correlated 
with the phase transition temperature of the lipids (10). This is 

in contrast to most soluble enzymes which give a rectilinear 
relationship predicted by the equation of Arrhenius: 


Eq = 2.303 rT” S tog * [1] 


where Eq, isthe energysof activation and k ts the rate constant: 
E, is related to the enthalpy difference AH* between the transition 
state and the reactant by: 


E, = AH* + RT [2] 


In membrane bound enzymes, there occur sudden increases of the 
value of Ea. Below the break, the value of Ey, usually increases 
2-4 fold (10). Breaks in Arrhenius plots also occur for other 
cellular functions such as permeability properties, transport 
systems, hormone binding to membranes, hormone-stimulated adenylate 
cyclase, and physiological activities that are the result of complex 
biochemical reactions (10,11,19,21-23). 


The interpretation given to the discontinuities in Arrhenius 
plots assumes that two independent processes having different Eq 
are required to produce the discontinuity, with the process having 
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Fig. +0. Arrhenius plots for the Ca“ -ATPase activity of SR 
isolated from rabbit and lobster skeletal muscle. See references 15 
and 16 for experimental conditions. Calculated energies of activa- 
tion above the break are 10.115 and 8.714 cal/mol for rabbit and 
lobster SR, respectively. Below the break the values are 19.423 and 
19.658 cal/mol. Rabbit SR, oO —o; Lobster SR, ee. 


the higher En, operating exclusively at temperatures below the 
discontinuity. It is assumed that the system undergoes a phase 
change at the break temperature, and that this change in the 
environment induces a conformational change in the protein, so that 
the conformation with higher Enq exists below the critical tempera- 
ture (24). The phase change is ascribed to the lipid of the membrane 
and the breaks in the Arrhenius plots usually coincide with critical 
temperatures associated with phase transition of the lipids. However, 
this correlation cannot always be made, and the interpretation of 
the results is complex (9-12,19,25), especially since cations and 
other environmental factors affect fluidity of the membranes (26). 


| should like to return to our results with rabbit and lobster 
SR. The difference in breaking points in the Arrhenius plots very 
likely reflect differences in fluidity of the lipids of the two 
membrane systems at various temperatures. As noted, the lipids of 
the lobster SR are more unsaturated than the lipids of the SR of 
the rabbit (18). Therefore, it is expected that these lipids will 
remain in the fluid state until lower temperatures than those at 
which the phase transition occurs for the rabbit SR membranes, i.e., 
the membranes of the lobster provide sufficient fluidity for normal 
Ca2+-ATPase activity at relatively low temperatures which are likely 
to be encountered by the lobster's tissues. Adaptation of various 
organisms to grow at low temperatures usually involves increase in 
unsaturation of the membrane lipids and, therefore, increase in 
fluidity at low temperatures (19). 
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Lipid is Necessary for Ca*t-ATPase Activity 


Several methods have been utilized to isolate the purified 
Ca2+-ATPase of SR (29,30). Invariably, the enzyme retains bound to 
its structure about 90 phospholipid molecules per molecule of 
enzyme (29). This is about the same ratio of lipid to protein found 
in the intact membrane (15,29) as can be seen in Table |. When the 
lipid to protein ratio is decreased, the Ca +-ATPase activity 
decreases, but can be recovered if the lipid is added back. However, 
some lipid must always be present if the activity is not to be lost 
irreversibly (Fig. 11). 


The purified enzyme, in conjunction with its lipid environment 
reassembles itself in membranes, in the form of vesicles, which are 
nearly indistinguishable from the original vesicles which form upon 
fragmenting the membranes of the sarcoplasmic reticulum (27-32). 


SR MEMBRANE Ca% ATPase MOLECULES 


Fig. 11. Schematic representation of the SR membrane and of the 
Ca2t-ATPase molecules in ‘situ and isolated’s EachiCa +-ATPase retains 
about 90 molecules of lipid bound which is essential for activity. 


ASYMMETRY OF THE SR MEMBRANE 


Asymmetry of the Proteins in the SR Membranes 


Recent studies show that the SR membrane is asymmetric with 
respect to the proteins (33,34,39) and the lipids (38,39). The evyi- 
dence is still controversial, but it now appears that the Ca +-ATPase 
molecule, although mostly embedded in the lipid bilayer, is exposed 
to the outside since it can be digested with trypsin (33,34,45). If 
the membranes are previously treated with phospholipase A, the 
trypsin digestion occurs to a greater extent (17), which suggests 
that the phospholipase makes the Ca“*-ATPase molecule more accessi- 
ble to trypsin, probably because it removes some of the lipid 
molecules which surround the enzyme. 
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Furthermore, when ATP-¥32P is incubated with SR membranes, the 
Ca2+-ATPase is phosphorylated and the part of the molecule which is 
phosphorylated is removed by trypsin (72) which suggests that the 
phosphoryl accepting group is located externally. In fact, the loca- 
tion of the whole Ca2+-ATPase molecule in the membrane seems very 
asymmetric, as was shown recently by electron microscopy studies 
using glutaraldehyde supplemented by 1% tannic acid as fixatives 
(33). Thin sections of pelleted preparations show triple-layered 
membranes which from inside the vesicle to the outside, are 22, 21 
and 70 & thick, i.e., the outer layer is much thicker than the 
inner layer. This is not characteristic of other membranes which 
show the layers of about equal thickness. 


Freeze fracture studies of SR vesicles also show that the 
membrane particles embedded in the lipid bilayer are predominantly 
attached to the outer lipid layer of the membrane (33,35). In Fig.12 
[ represent the general picture for the arrangement of the 
Ca2+-ATPase molecule in the SR membrane vesicles. 


Several workers have observed by negative staining of SR 
vesicles that there are particles of about 35-40 R on the surface 
of the SR membrane (31,34-36), whereas the particles seen on the 
interior of the membrane by the freeze-fracture technique are about 
80-90 R in diameter and their number is about 1/4 of that of the 
surface particles (31,34). It is believed that the two types of 
particles represent different views of the Ca2+-ATPase molecule. 
This discrepancy between their densities and sizes is attributed to 
the fact that the molecule is composed of four subunits (33,34,37) 
which on the outside appear individually when seen by negative 
staining but appear as a cluster on the hydrophobic region of the 
membrane when seen by the freeze-fracture technique (33335 in 
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Fig. 12. Schematic representation of the asymmetric arrangement 
of the Ca2+-ATPase molecules in SR membranes. The thickness of the 
membrane takes into account recent findings by electron microscopy 


using glutaraldehyde supplemented by 1% tannic acid as fixatives 


(33). 
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In any case, it appears that the Ca2t+-ATPase molecule is strongly 
anchored in the outer lipid layer.|t has been calculated that there 
are about 5,700 Ca¢t-ATPase molecules/um of membrane (34). 


The calsequestrin and the high affinity Ca2t binding proteins 
are generally considered to be localized on the internal surface of 
the membrane, where they bind Ca2+ after it is transported by the 
Ca2+-ATPase (32). 


Asymmetry of the Lipids in the SR Membrane 


The amino phospholipids, phosphatidylethanolamine (PE) and 
phosphatidylserine (PS), of the SR membrane are distributed unequally 
on the internal and external lipid layers of the membrane (38-40). 
The approach used in our laboratory to study this asymmetry was to 
label the amino groups of the external phospholipids with 
2,4,6-trinitrobenzenesulfonate (TNBS), a chemical probe for amino 
groups which does not penetrate the membrane. Similarly, the amino 
groups of the phospholipids located on the internal side of the 
membrane were labelled with 1-fluoro-2,4-dinitrobenzene (FDNB), 
which readily penetrates the membrane (38). The studies with both 
probes were also performed with solubilized membranes. After 
reacting with TNBS or FDNB, the phospholipids were extracted and 
separated by thin layer chromatography and the amino phospho- 
lipids were identified by their yellow colour (38). 


The reactions between these probes and the primary amino groups 
are indicated below: 


NO2 NO? 
N SON N-R —* 00N N-R + SO3H” + H* 
wi > ae <> : 

NO, NO» 


TNBS INCREASED ABSORBANCE AT 340 nm 
NOg NO2 
F + HN-R ——* ON N-R +HF 
H 
FDNB INTENSE YELLOW COLOUR 


The results show that about 70% of the total PE is located on 
the external surface of the membrane, about 20% is on the internal 
surface, and about 10% is not accessible to the probe. In contrast, 
most of the PS is located on the inner surface of the membrane (38). 


Fig. 13 represents schematically the asymmetric arrangement of 
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Fig. 13. Schematic representation of the SR membrane to show 
asymmetric distribution of the phosphatidylethanolamine (PE) and 
phosphatidylserine (PS). About 70% of the total PE is located on 
the external surface. Most of the PS is located on the internal 
surface (38). 


the amino phospholipids in the SR membrane. The large protein shown 
in cross section represents the Ca“t-ATPase which is shown here to 
completely span the thickness of the membrane and protruding to the 
exterior. We conclude, therefore, that the SR membrane is highly 
asymmetric with respect to the location of its proteins and amino 
phospholipids. The phosphatidylcholine (PC) probably is distributed 
uniformly throughout the bilayer. 


COUPLING OF Ca*+-ATPase ACTIVITY AND OF Ca2+ TRANSPORT 
IN SARCOPLASMIC RETICULUM 


The Nature of the Catt 


-Pump in SR 

The basic function of sarcoplasmic reticulum membranes of 
muscle cells is to transport Ca*t from the sarcoplasm into to the 
longitudinal tubules forming the SR (31,73). The SR membrane has 
been extensively studied in recent years, and much is known about 
the mechanism of the Ca“t transport across this membrane. The SR is 
an ideal membrane system to study because of its simplicity and 
homogeneity in composition, especially when compared to the mito- 
chondrial membrane which for many years was the membrane preferred 
by biochemists. 
During Cac? transport by SR vesicles formed from fragmented SR, 
the ATPase activity is stimulated as indicated in Fig. 14. Mg2+ is 
a necessary cofactor-(15,31,55,73,74). 
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Fig. 14. Sarcoplasmic reticulum vesicles transport Ca2t+ in the 
presence of ATP and Mg2t. The external Ca2+ stimulates the 
Ca2+-ATPase of the SR and 1 ATP molecule is hydrolysed per 2 Ca2t 
transported. A. Schematic representation of Ca2t transport by SR 
vesicles. B. Recording of the ATPase activity. See reference (15) 
for experimental conditions. ATPase remains stimulated only during 
Ca“? transport. 


The lipid bilayer is relatively impermeable to Ca2t, but a 
bilayer in which the Ca2t-ATPase is introduced becomes selectively 
permeable to Ca2t+ as determined by an increase in conductance of 
the bilayer (44,45). Furthermore, after partial digestion of the 
Catt-ATPase with trypsin, a fragment with a molecular weight of 
20,000 is obtained which when inserted in PC-cholesterol membranes 
induces the following selectivity sequence Bat >Ca2t >Sr2+ >Mn2+, 
Mg2+ (44,45). Another fragment of 45,000 molecular weight also 
increases the membrane conductance, but without any seat 
selectivity for Ca2+ (46). A third fragment of the Ca2t-ATPase, 
with a molecular weight of 30,000, is phosphorylated by ATP and 
constitutes the enzyme center (72). 


In Fig. 15 we show the gradual fragmentation of the Ca*+-ATPase 
by trypsin and its effect of the Ca2t-ATPase activity and on Ca¢t 
transport. Under these conditions the calsequestrin, an internal 
protein, is not digested by trypsin and the high affinity protein 
(HAP) is coincident with Fy in the gels (17). 


This information is taken as suggestive evidence that the 
"carrier'' or ''pore', for Ca*t in the SR membrane is localized in 
the Ca“t-ATPase itself and that only a small part of this molecule 
has hydrolitic activity. The 30,000 molecular weight fragment, 
which is phosphorylated by ATP, apparently couples its action with 
that of the ionophoric components, i.e., the 45,000 (non-specific) 
and the 20,000 (specific for Ca¢t+). It has been suggested that this 
latter peptide acts as the ''gate'' to the transmembrane pore formed 
by the large non-specific ionophoric peptide (45,46) (Fig. 16). 
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Fig. 15. Fragmentation of SR by trypsin. First, two poly- 
peptides (F1 and Fo), are formed of M.W. 55,000 and 45,000 without 
loss of activity. When the 55,000 polypeptide is fragmented into 
two peptides (Fz and Fy) of 30,000 (phosphorylating peptide) and 
20,000 (ionphoric peptide) the Ca2t-ATPase is uncoupled from Ca2t 
transport. See references (17,72) for experimental conditions. 
Calsequestrin is not affected by trypsin under these conditions, 
which suggests that it is not exposed to the surface. 


A fixed pore mechanism, in which a conformational change 
within the protein-lined pore translocates the binding site across 
the membrane is preferred to a mobile carrier mechanism in which 
the binding site gets from one side of the membrane to the other by 
rotation of the entire transport protein across the membrane. The 
latter process would require the passage through the hydrophobic 
membrane interior of the hydrophilic parts of the proteins which, 
thermodynamically, is a highly unfavorable process. 


Dutton et al (104) have carried out experiments which eliminate 
the possibility 0 of the existence in the SR membrane of a mobile 
carrier for Ca“* transport. These workers attached antibodies to 
the Ca2+-ATPase and found that this produced no significant effect 
on the kinetics of the transport process. The attachment of a large 
molecule to the ''carrier'' should inhibit its activity. 
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Fig. 16. Diagramatic representation of the hydrolytic and 
jonophoric components of the SR membrane. The 20,000 M.W. fragment 
represents the ''gate'' which leads into the non-specific trans- 
membrane pore, a polypeptide of M.W. of 45,000. The 30,000 and the 
20,000 M.W. polypeptides are coupled in their functions, i.e., the 
hydrolysis of ATP is catalized by the 30,000 polypeptide and the 
energy liberated is utilized by the 20,000 fragment to transport 
Ca2+ in conjunction with the 45,000 fragment (45,46). 


During Catt transport by SR, ATP is hydrolysed and in the 
process a phosphorylated intermediate is formed according to the 
following equation which is a simplified version of the process: 


ADP 
+ 


2+|Ca 
2+ 
ATPuhtEieu? Ca sng = oar Wwe) ERY OLE hae Dak, Digan 


Cac 


Phosphorylated 
intermediate 


Many details are know about the phosphorylation and dephospho- 
rylation mechanism, but the issue remains still controversial (31, 
55,73-76). It suffices for our purposes to consider the above 
reaction in its simplest form, since the fundamental mechanism of 
energy transduction in. the SR membrane is not known. 


The complete process of ATP hydrolyses requires Mg2+ and 
phospholipids (73,74). The phosphorylated intermediate, E~P, binds 
2 Ca2+ ions which are translocated from one side of the membrane to 
the other. Thus, the two Ca2+ on each side of the equation are in 
different compartments. The reaction is reversible and, therefore, 
increasing the Ca2t; concentration on the right (inside the SR 
vesicle) causes the reaction to reverse, which means that a gradient 
of Ca2+ can synthesize ATP, as has in fact been observed in many 


laboratories (31,47,55,73,75). 
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Fig. 17 shows the results of experiments in which we used a 
Ca2t+ gradient across the SR membrane to synthesize ATP (47). The SR 
vesicles were initially loaded with Ca2t by prolonged suspension in 
20 mM CaClo. Sudden 20-fold dilution of the SR suspension in media of 
4 mM EGTA, 1 mM ADP and Pi, caused a release of Ca4+, which was ADP 
dependent, i.e., the release did not take place in the absence of 
ADP, which suggests that the efflux of Ca2+ from SR is tightly 
coupled to the ATP synthesis. About 1 molecule of ATP was synthesized 
per each 2 Ca2t+ that diffused out (47). Similar experiments showing 
this coupling between Ca2t+ efflux and ATP synthesis can be carried 
out with SR vesicles loaded with Ca2* by several different means (55). 


Therefore, the overall mechanism of Ca2t transport with ATP 


utilization, and of ATP synthesis at the expense of a pre-formed 
Ca2t gradient, can be visualized as depicted schematically in Fia18. 
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Fig. 17. Coupling between ATP synthesis and Ca2+ release from 
passively loaded SR vesicles. See reference 47 for experimental 
conditions. 


The Balance of Charge During Cat Transport by SR 


The Ca2+ transport by SR is an example of active transport in 
which a charged species is carried across the membrane. The SR 
membrane must either have a tightly-coupled exchange-diffusion 
system for exchanging cations for the CaZt transported, or anions 
must accompany the Ca“t transported. Evidently, the two systems 
could also operate simultaneously. 


This balance of charge can be made either through a ''pore'' in 
the membrane, or through a ''carrier'', which may be any substance in 
the membrane which facilitates the passage of the ions through the 
lipid barrier. Although the term carrier as utilized presently does 
not specify a mechanism, and may include transfer across the membrane 
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Fig. 18. Diagram to show coupling between Catt transport and 
ATP hydrolysis and between ATP synthesis and the efflux of Ca2t. 
The diagram is simplified since it omits the role of Mg“*. It has 
been proposed that following the release of Ca*t at the interior, 
the phosphorylated enzyme changes its configuration, binds Mg2+ and 
carries it to the outside where the Pi is also liberated (73,77-72). 
Thus, both ADP and Pi would be liberated on the outside, whereas 
Ca“*+ would be transported to the outside. 


through mere alteration in conformation of the carrier molecule, 
the original concept implied that the carrier was mobile within the 
membrane lipid structure (48). This mobility now is considered in 
‘most cases to be restricted to parts of the carrier molecules 
bearing the binding sites. Thus, carriers are understood to be 
proteins inserted in the lipid bilayer which provide recognition 
sites for the substances being transferred (48). It should be noted 
that the size of many ''carriers'' and ''pumps'' is sufficiently large 
to span the entire thickness of the membrane, being exposed on both 
surfaces by hydrophilic groups. Such carriers do not move across the 
membrane, and their rotation is also restricted by their hydrophilic 
ends which cannot easily penetrate the hydrophobic core of the 
membrane. 


The term porter was introduced to distinguish from true enzymes 
the ''catalysts'' for the mediated transfer of solutes across 
membranes by processes which do not truly involve enzymatic reac-~ 
tions (e.q., the classic case of exchange-diffusion), thus, avoiding 
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the termination ''ase'' reserved for the names of enzymes, and 
generally denoting covalent bond labelization (49,50). The sym- 
-coupled and anti-coupled translocations are designated as symport 
and antiport, respectively (Fig. 19). Furthermore, non-coupled 
solute translocation can also occur and is designated as uniport. In 
the latter case, if the solute transferred is charged, an electric 
potential difference (AY) develops across the membrane, and the 
tranfer is designated as electrogenic (Fig. 20). 


The membrane potential generated by an electrogenic pump can 
be utilized to electrophoretically drive those cations and anions 
to which the membrane is permeable and, as a result, there will 
occur accumulation of cations and anions against their chemical 
gradient on either side of the membrane, with a consequent collapse 
of the membrane potential. Therefore, an electrogenic pump wil] 
generate a permanent membrane only if the membrane is relatively 
impermeable to ions. 


We observed (51) twelve years ago that isolated sarcoplasmic 
reticulum releases Mgt, Kt and Ht during accumulation of Ca2+ in 
the presence of ATP (Figs. 21 and 22). The technique which we 
utilized to measure the cation exchange that took place during Ca 
transport did not permit measurement of the cation distribution 
immediately after Ca2t transport, so that we could not follow the 
time course of the reaction. Also, we did not determine whether a 
transmembrane potential developed across the SR membrane. 


2+ 


We also observed that Mg2t and Kt are bound by the membranes 
of SR vesicles in the absence of ATP, and that this binding was pH 
dependent in a manner which suggested that H*+ competes with Mg2t+ 


SYMPORT 


ANTIPORT 
2yY' 


| 
MEMBRANE 


Fig. 19. Balance of charge during Ca2+ transport. Porter (1) 
is designated a symport, whereas porter (2) is an antiport. The 
transfer of Ca2+ is electro-neutral in both cases and no membrane 
potential develops. 
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ELECTROGENIC UNIPORT 


+ ELECTROPHORETIC UNIPORT 


x FOR CATIONS 


ELECTROPHORETIC UNIPORT 
FOR ANIONS 


Fig. 20. Non-coupled uniport transmembrane movement of Ca2t, 


The Ca2+ transfer is electrogenic, generating a difference in 
membrane potential (A¥). This A¥ can drive cations (y*) and anions 
(x~) electrophoretically against their chemical gradient. 


and Kt for the same binding sites (51,52). The ions could not be 
removed from the SR membranes by dilution with 0.25 M sucrose, 
unless Ca¢+ (or other cations) were present which would exchange 
for Mg2+ and Kt. This exchange with Ca2+ took place if the external 
Ca2+ concentrations were raised suffi iently, i.e., about 50% of 
the Mg++ taken up was displaced by Ca“t, when the external ratio of 
free Ca2+ to free Mg2+ was about 0.6 (Fig. 22). We argue on the 
basis of these results that the SR membranes have binding sites for 
cations (about 350 meq/mg of protein) and that if the binding sites 
are on the internal side of the membrane, then the membrane must be 
relatively permeable to the cations under the experimental condi- 
tions employed. 


Sarcoplasmic reticulum vesicles is Us late loaded with 
Mg“* in a buffered medium containing 3,8 mM free Mg¢t, retained 
about 300 meq. of Mg2*+/mg of protein. If we then added ATP to the 
medium and again tested the effectiveness of Ca‘** in displacing 

Mg2+ from the SR vesicles, we found that displacement of 50% of the 
Mg2+ originally retained by SR was achieved by Ca2*+ concentrations 
1000-fold lower than those necessary in the absence of ATP (Fig. 22). 
It is evident that ATP enhances the displacement of Mg2+ from 
binding sites in the SR membranes in exchange for Ca2+ which must 
substitute for Mg4t at the binding sites. However, on the basis of 
these results one cannot distinguish between a mechanism in which 
the ATP directly increases the affinity of the binding sites for 
Ca2+ and another in which ATP selectively translocates the Ca@t 
across the membrane, thus increasing the intravesicular Ca2t 
activity sufficiently for Ca2+ to displace Mg2t (or Kt, Ht, etc) 
from the membrane binding sites. All recent evidence suggests that 
the latter mechanism is the correct one (47,55,56,73,78). 
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eee Accumulation of Ca@t oy SR vesicles previously ''loaded'' 
with Mgt Bt K*. Accumulation of Ca4+ occurs in exchange for Mg2t 
and K*, so that the total meq of charge in the SR membrane remains 
arene Samples containing 10 mg of SR protein were added to a 
medium at 23°C containing 3.8 mM MgCl2, 110 mM KC1, 10 mM imidazole 
at pH 6.9, 1.0 mM EGTA and CaCl2 to give the final pCa values in- 
dicated in the abcissa. After adding 1.0 mM ATP, the suspensions 
were immediately centrifuged for 20 min. at 105,400 g and the 
pellets were washed once with 10 ml of 0.25 M sucrose. After 
Carvalho and Leo (51). 
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Fidmezzs et feet ofiATP onstheirelease of Mg2* by Ca2+ from SR 
vesicles. Experimental conditions were similar to those described 
for Fig. 21, except that the KC] was 10 mM. Solid and dashed lines 
represent experiment performed in the presence and absence of ATP, 
respectively. After Carvalho and Leo (51). 
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The number of binding sites available for the binding of Catt, 
Mg2+ and Kt depends on the concentration of H+ in the medium, since 
this cation strongly competes with the other cations for the binding 
sites in the membranes (51,52). At the lower pH values, the binding 
sites are protonated, and we observed that below a pH value of 
about 6.2, some of the Cat transported exchanged for Ht, instead 
of Mg 2+ and kt (51). These results have been confirmed recently by 
Dr. Madeira in our laboratory who finds that at pH 6.0, there is a 
large ejection of protons in exchange for Ca@+ transported (58). 


Recently, Zimniak and Racker (27) utilized reconstituted SR 
vesicles to measure the membrane potential, which develops during 
Ca2t transport, by a voltage clamp technique using K'-valinomycin 
to generate a constant transmembrane potential. These workers also 
measured the membrane potential of SR vesicles more directly by 
using the fluorescent probe 8-anilino-1-naphthalenesulfonic acid 
(ANS). They conclude that the Ca2t-ATPase mediated transport of 
Ca2+ js electrogenic, generating a membrane potential of about 
+60 mV (positive inside the vesicles). In view of the results we 
reported earlier showing that there is exchange of transported Ca a 
for Mg2t, K+ and Ht, this potential in normal SR membranes must 
necessarily be transient since it would be collapsed by the efflux 
of Mg2t and Kt (51). This idea is also supported by the recent 
results of Beeler et al (97) who could not detect the formation of 
a membrane potential during Ca2+ transport by SR. However, Zimniak 
and Racker (27) chose for. their experiments reconstituted SR 
vesicles which are much more impermeable to cations and anions than 
normal SR vesicles (53,54). Recently, Madeira (56) was able to show 
that SR vesicles do in fact generate a transient membrane potential 
coincident in time with the transport of Ca‘?. 


Formation of a Proton Gradient and a Membrane Potential 
During Ca2+ Transport 


Careful measurements of the flux of protons across the SR 
membrane during Ca2+ transport have been carried out recently by 
Dr. Madeira in our laboratory (56-58). Addition of ATP to SR vesi- 
cles, in the presence of external Ca2+ causes an efflux of Ht which 
precedes the transport of Ca2+. Furthermore, following the efflux 
of H+, there occurs the development of a membrane potential which 
is not synchronized with the formation of the proton gradient, but 
coincides with the Ca2t transport event (Fig. 23). 


The proton gradient and membrane potential are transient if 
small amounts of Cat are present to be transported. If large 
amounts of Ca2+ (in excess of about 150 nmol/mg of protein) are 
transported, then there is a significant back diffusion of Caz+ 
which continuously activates the Ca2+-ATPase. In the latter case, 
the proton gradient, and probably the membrane potential, are 
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Fig. 23. wine course /ofT Ca2t transport, formation of a proton 
gradient and a membrane potential in SR vesicles. Data replotted 
from reference 56. Proton gradient formation was followed by 
measuring the changes in the fluorescence of 9-amino-6-chloro-2- 
-methoxyacridine and the membrane potential was followed by 
measuring the changes in 3,3'-dipentyloxadicarbocyanine during Ca2t 
uptake. See reference 56 for experimental details. 


sustained over long periods of time because the transport system 
continues to recycle Ca2+ (56,57). 


The SR membrane is relatively impermeable to H*) (58). :-sotthat 
the energy of the proton gradient which is generated by ATP can be 
utilized to transport Ca2t, although the mechanism of this coupling 
is not clear. About 30 nmol of H* per mg of SR protein are ejected, 
and this could, in theory, produce a large proton gradient, but the 
ApH measured is only about 0.5 because apparently the interior of 
the vesicles is strongly buffered (58). 


lf we assume that it is the proton motive force that sustains 
the transport of Ca+, according to Mitchell (49) the total protonic 
potential difference (Aypt) is given by the sum of the electric 
potential difference ,AY, (AY=nFAE) and a thermodynamic potential 
difference that is equal to -ZApH (Z=2.303 RT/F and ApH is the pH 
difference between both sides of the membrane. Thus, 


Auy+ = AY + ZApH [3] 
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At 25°C the value of Z is about 60 mV when the potential are given 
in mV. 


Thus, the proton motive force appears partly as a potential 
difference and partly as a pH gradient as is the case for mito- 
chondria, chloroplasts (49,50) and bacteria (80,81). The potential 
difference developed by SR after adding ATP seems to coincide with 
the uptake of Ca2+, so that the entry of Ca2t is electrogenic, 
generating a potential which is positive inside the vesicles. This 
potential is then collapsed by the outflux of Mg2t and Kt, so that 
the original proton motive force was partly converted into a Ca2t 
motive force, which in turn can drive Mg2t and Kt against their 
chemical gradients. It is possible that other cations and anions 
can be similarly driven. These events have been summarized by 
Madeira (56) as follows: 


ATP Ca; Hgae se Kae 
AU ton 2). ax 
ADP + Pi tae Mg2+,, Kto 


This interpretation presents some difficulties. Since there is 
no great change in pH (ApH) upon addition of ATP (58), a large 
membrane potential would be expected to develop coincident with the 
pumping of protons to the exterior. It is probable that the 
technique does not detect this early membrane potential and that 
the alteration in potential, positive inside, which develops during 
the entry of Ca2t, really corresponds to a collapse of the electric 
potential developed during the proton efflux. The SR membrane is 
permeable to anions, including Cl~ (97-99), which was the predomi- 
nant anion in the medium in these experiments. It is also likely 
that the membrane is relatively permeable to Mg@t+ and K+ (51,59). 
Therefore, even if a membrane potential develops because of the 
electrogenic pumping of protons by the Ca2+-ATPase, such potential 
would be immediately collapsed by the passive electrophoretic 
movement of anions and cations either through pores or specific 
porters in the membrane. At present, any scheme will have to 
account for an early formation of a ApH, a possible AY and a 
Puen Dt of Ca2t+ in Opposite direction to the movements of Mg * and 
gee 


The strong buffering capacity of the SR membranes could be 
predicted from our previous results in which we measured the Ht 
binding by the SR membranes (51,52). We found that dissociable 
groups exist in the SR membranes whichhave a binding capacity of 
about 150 nmol/mg of protein,and their average pK value is about 
6.6 in the physiological range of pH values of 6-8. Furthermore, 
the H* binding sites also bind Ca2t, Mg2+ and K*, but display some- 
what lower affinity for these cations than for Ht (Table I1). 
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TABLE II 


AVERAGE pKy VALUES FOR THE INTERACTION 
BETWEEN RABBIT SKELETAL MUSCLE SARCO- 
PLASMIC RETICULUM AND VARIOUS CATIONS (52) 


Cation H Zn Ca Ma Na K 
pKy GromeS 62 Bache Le amas a l3.5 


Therefore, the concentration of. free Catt and Mg2t in the SR 
vesicles are expected to be buffered in the same sense that the 
vesicles buffer the pH. Attempts at distinguishing between internal 
and external cation binding sites in SR vesicles were made in our 
laboratory (59). The results showed an internal Ca2t+ binding of 
about 15 nmol/mg of protein (Fig. 24) under conditions in_which a 
large fraction of the binding sites were occupied with Mg4*, K* and 
H+, so that the actual internal cation binding capacity is much 
higher, and can serve to create a strong buffering effect for Ca“t 
and Mg2t+ in the 1074 M range and for Ht in the pH range of 6-8 (52). 


The SR membrane is reported to be impermeable to Ca2+ and Ht 
(58,81). The results represented in Fig. 25 can be interpreted to 
mean that the membranes are in fact relatively impermeable to Catt, 
but may be permeable to Mg2t+. Thus, incubation of the SR vesicles 
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Fig. 24. Binding of Ca2+ in the absence and in the presence of 
X-537A. In the absence of X-537A, the Ca2+ does not penetrate the 
vesicles within the short periods of incubation, so that the Ca2+ 
retained represents external binding. Upon addition of X-537A (20 uM), 
the additional Ca“*t+t retained represents binding at the internal 
binding sites. The SR (10 mg/mg) was suspended at 3°C in media 
containing 100 mM KCI, 2 mM MgCl2, 20 mM CaCl? and 20 mMTris-maleate 
at pH of 6.9. At various times, the media were diluted 20 fold with 
0.25 M sucrose, and samples (0.5 mg of protein) were filtered by 
Millipore and Ca2+ retained in the filters was measured by atomic 
absorption spectrophotometry (59). 
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Fig. 25. Passive loading and release of Ca2+ and Mg2t+ by SR 
vesicles (10 mg/ml). The medium contained 20 mM CaC12, 2 mM MgCl? 
and 100 mM KCl was buffered at pH 6.9 with 20 mM Tris-maleate. 

After various periods of incubation at 3°C samples containing 0.5mg 
of protein were removed before and after adding 20 uM X-537A and 
were diluted 20 fold,and were filtered by Millipore filters (0.45 yu 
pore diameter). Cat and Mg2+ retained in the filter were measured 
by atomic absorption spectrophotometry. After Vale and Carvalho (59). 


in a medium which contains Ca2*+ and Mg2t, in the absence of ATP, 
readily retains the maximal amount of Mg2t, but the maximal amount 
of Ca2t+ retained is attained only after about 15 hours of incuba- 
tion-(Fig. 25). During, the first 2-3 hours of incubation, X-537A, 
an ionophore which makes the membrane permeable to Ca2t and Mg4t, 
does not release Ca¢t+ when the SR is placed in a medium low in Cat, 
which suggests that al] Ca2+ retained in this first period of 
incubation is bound to the external surface of the membrane. After 
5 hours of incubation, X-537A releases the fraction of Ca2t 
accumulated during the period beyond the initial 2-3 hours of 
incubation, which suggests that this Ca*+ had been retained inside 
the SR vesicles. The X-537A also causes accumulation of Mg¢t (and 
probably Kt which was also present in the medium, but was not 
measured) in exchange for the released Ca@t+ (Fig. 25). 


ls Ca2+ Accumulated Free or Bound ? 


The presence of calsequestrin and high affinity Ca2+-binding 
protein inside the SR vesicles provide fixed binding sites which 
serve to sequester the Ca“* once it is transported (32). Furthermore, 
the Ca2t-ATPase also binds significant amounts of Ca2t+ (66). These 
binding sites are non-specific and have low affinity, since 
dissociation constant is of the order of 1075 M, but have a cation 
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Fig. 26. Schematic representation of the binding of cations in 
the interior of the SR vesicles. Ca@+ is first transported across 
the SR membrane and then displaces H*, Kt and Mg2+ at the binding 
sites. 


binding capacity which could account for all the Cat transported. 


We have estimated that if all Ca2+ transported by the vesicles 
remained free, the concentration of Ca2+ in SR would be about 20 mM 
(51), which is sufficient to saturate the binding sites of low 
affinity. Therefore, | believe that most Ca2t transported exchanges 
for other cations (Mg2+, Kt and H*) at the internal binding sites 
of the membrane (Fig. 26). 


GENERALIZATIONS AND RESEMBLANCES BETWEEN 
THE Ca2t-ATPase AND THE Nat-K*t-ATPase 


It appears that the sarcoplasmic reticulum membrane utilizes 
ATP primarily to forma proton motive force (jiy+) which can drive 
the formation of a Ca2* gradient (56-58). The charge balance of 
this system probably is maintained primarily by Mg¢* and Kt which 
are driven electrophoretically out of the SR vesicles. The proton 
gradient appears to be the primary event in this transport process, 
but its magnitude is low, although a large quantity of protons are 
translocated to the outside of the vesicles (58). Therefore, if a 
chemiosmotic process, similar to that which is operative in mito- 
chondria (49), functions inSR membranes, it is expected that a 
membrane potential should develop, according to equation 3, as is 
in fact observed (56,58). A difficulty which arises presently is 
that the time course of the development of the membrane potential 
does not coincide with the formation of the proton gradient, but 
rather coincides with the transport of Ca¢t. Thus, the transport 
of Ca2t+ is electrogenic and generates the membrane potential which 
electrophoretically drives Mg2*, Kt and probably anions. 


32 ARSELIO P. CARVALHO 


The postulate that Mg2t+ and Kt move out of SR vesicles electro- 
phoretically does not specify whether the cations cross the 
membrane through a pore system or in the form of a complex formed 
with some membrane ''carrier''. A protein to act as a diffusing 
carrier would have to reorientate in the membrane, and any hydro- 
philic portions exposed to the surfaces would have to move through 
the hydrophobic interior of the membrane. Energetically, this is an 
improbable event, but the proteins may refold to form more hydro- 
phobic outer surfaces at their ends during the diffusion process. 
One should be able to test whether a ''carrier'' diffuses by studying 
its behavior at different temperatures. Its activity should drop 
abruptly below the transition temperature of the membrane lipid in 
which it is inserted. On the other hand a pore system should be 
relatively insensitive to temperature. 


An attractive alternative is that, in the case of SR membrane, 
one part of the Ca2+-ATPase forms a pore through the hydrophobic 
interior of the membrane as suggested in Fig. 16 (45,46). It is not 
clear whether the pore utilized by Ca2t+ is the same through which 
Mg2t and Kt pass. An important difference in the movements of ions 
through these pores is that two ee of movements should be 
distinguished. The movement of Ca4t directly catalized by the 
Ca¢t-ATPase is achieved and controlled by the molecular interaction 
of the enzyme or transport system, perhaps through conformational 
changes associated with phosphorylation and dephosphorylation of 
the enzyme. On the other hand, there should also be movements of 
Mg2+ and Kt driven electrophoretically by the membrane potential, 
as illustrated in Fig. 29, which should be of a simpler nature. 


The notion that the ''carriers'' in many cases are ''pores'' 
formed by proteins that span the entire thickness of the membrane 
is also supported for other systems where such proteins have been 
identified (48). An example which has been extensively studied is 
that of the Nat-K*-ATPase (Fig. 27) which shows some similarities 
with the Ca2t-ATPase of SR (82-84). 


The Nat-Kt-ATPase 


There are some similarities between the Ca2+-ATPase of sarco- 
plasmic reticulum and the Nat-K*t-ATPase found in most plasma 
membranes. Thus, Mg2t+ is required for activity of the Nat-Kt-ATPase, 
the enzyme molecule is an intrinsic protein, embedded in the lipid 
structure of the membrane and, when isolated, it requires phospho- 
lipid for its activity, very much like the Ca2+-ATPase (82). The 
Nat-Kt-ATPase is composed of at least two polypeptides with molecular 
weights of 100,000 and 50,000 (83,84).The larger polypeptide has a 
relatively large proportion of non-polar amino acid residues and 
it is reversibly phosphorylated and dephosphorylated at a®-carboxy] 
of an aspartyl residue, as is also the case for the Ca2t-ATPase of 
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SR (82,83). The smaller polypeptide is a glycoprotein which’ is an 
essential component of the ATPase since antibodies against it 
inhibit the enzyme. Furthermore, the two polypeptides are located 
close together since they can be cross-linked (85). The Ca2+ pump 
and the Nat-kt pump systems form ion gradients, and utilize ion 
gradients to generate ATP (82). Moreover, both ATPase systems form 
a phosphorylated intermediate (55,82). The Nat-Kt-ATPase is 
responsible for transport of Nat out of the cell and Kt jn, and the 
transport of the ions is tightly coupled to ATP hydrolysis (82). In 
the red blood cell 3 Nat are transported out for each 2 K” trans- 
ported (82). Both Nat and Kt are necessary for the pump to operate. 
Furthermore, Nat, ATP and Mg“* must be presented to the inside of 
the membrane and Kt to the outside for the pump to function (82,85), 
whereas ouabain inhibits the system when presented to the outside 
of the membrane and Ca‘* inhibits when presented to the inside (82). 
Fig. 27 summarizes these principal concepts relevant to the 
Nat-Kt-ATPase of most plasma membranes which have been studied. 


INSIDE OUTSIDE 
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Fig...27. A. Model for Na* and Kt transport by the Nat-K*t-ATPase. 
See text for details. The 100,000 subunit of the ATPase extends 
the entire thickness of the membrane. During transport of Nat and 
Kt, the first step is the formation of a phosphorylated intermediate 
E,~P which binds Nat in the inside of the cell and requires Mg@*. 
Then a conformational change transforms the E,~P into Eg~P which 
has higher affinity for Kt than for Nat. The Kt is translocated to 
the inside with the hydrolysis of Eg~P. Some of these steps have 
been verified experimentally in red cell ghosts. Ouabain inhibits 
the transport when added from the outside, and Ca2t+ has a similar 
effect when added from the inside. B. Red cell showing high 
concentration of Nat out and high concentration of Kt in. The Nat 
and Kt gradients can also synthesize ATP. 
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Other details are also present in the legend of Fig. 27. The 
Nat-Kt-ATPase maintains Nat and Kt gradients across the membrane of 
most cells, and the process is electrogenic (82). The gradient of 
Nat (ANat) and the membrane potential (AY) which develop constitute 
a store of energy (Atiyat) which can be utilized to generate and 
maintain gradients of metabolites across the plasma membrane (49). 


UTILIZATION OF ION GRADIENTS TO DRIVE MOVEMENTS 
OF OTHER SUBSTANCES ACROSS CELL MEMBRANES 


Formation of Proton Gradients by 
Mitochondria, Chloroplasts and Bacteria 


Mitchell (49,50,86) has pointed out that the electrochemical 
proton gradient (Auiy+) constitutes the energy storage of most 
membranes which can be utilized to drive the transport of many ions 
and metabolites. The three best known systems in which a proton 
electrochemical potential develops are mitochondria (49), chloro- 
plasts (87) and photosynthetic bacteria, Halobacterium halobium (80). 
The common characteristics of these three membrane systems is that 
they are capable of generating a proton gradient and a membrane 
potential, i.e., Auyt and utilize this form of energy store to 
either synthesize ATP or transport ions and metabolites (49). 


In the case of mitochondria (and in bacteria such as E. coli) 
the energy for the formation of the electrochemical potential comes 
from the oxidation of substrates (49,80,81,88,90). In the case of 
mitochondria the electrons flow in a zig-zag manner through the 
electron transport chain located in the inner mitochondrial membrane 
(88). The electrons flow from NADH with a standard redox potential 
of -0.32 V (or another substrate with more positive redox potential) 
to the flavoproteins, and then through the other components (iron- 
-sulphur proteins, quinones and cytochromes) until the electrons 
are transferred to 02 by cytochrome oxidase where the redox 
potential is +0.82. Thus, the change in redox potential between 
NADH and oxigen is 1.14 V, representing a change in free energy of 
about 220 kJ/NADH, which is more than enough to eventually generate 
3 mol of ATP. However, in an early step, before the synthesis. of 
ATP, the energy is preserved as an electrochemical proton gradient. 


The zig-zag arrangement of the electron and hydrogen transport 
system is important for the vectorial transfer of protons, but such 
arrangement, or even the presence of specific hydrogen-carrying 
components, is not essential for generating a proton gradient in 
the Halobacterium halobium, since it contains a single protein, 
bacteriorodopsin, inserted in the lipid bilayer (80,81). This 
protein is the proton pump itself, and it derives the energy for 
pumping protonsdirectly from light (80). 
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The proton pumping by mitochondria and bacteria causes an 
accumulation of protons outside, whereas chloroplasts pump protons 
in (87,88). In both cases, the membranes are impermeable to protons, 
so that an electrochemical potential develops due to the difference 
in pH and membrane potential which results (49). Discharging of 
this potential occurs when protons flow in the reverse direction 
through the ATPase, to synthesize ATP (Fig. 28). The potential can 
also be utilized to transport other substances as will be discussed. 


The ATPase molecule in mitochondria, chloroplasts and bacteria, 
is similar in its basic structure. It is located asymmetrically in 
the membrane and contains a component (F1) which spans the entire 
lipid bilayer and another (Fg) located more superficially on the 
membrane (88). In mitochondria and bacteria the F,-Fg complex which 
forms the ATPase is oriented so that knobs (F,) about 85 R in 
diameter protrude from the inner surface of the membrane. In chloro- 
plasts, the equivalent ATPase, designated CF,-Fqg complex, is oriented 
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Fig. 28. Generation of a proton motive force (Ayiyt+) across the 
inner mitochondrial membrane by the electron transport chain, and 
synthesis of ATP during the back flow of electrons through the 
ATPase which spans the thickness of the membrane. Fg represents the 
hydrophobic part of the ATPase molecule which is buried in the 
lipid. The F,; component protrudes from the inner surface of the 
membrane. Bacteria have similar electron transport systems for 
generating A+ and ATPases for synthesizing ATP. Chloroplasts and 
phorosin thetic bacteria utilize light for generating Aty+ and a 
similar ATPase system for synthesizing ATP. 
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in the opposite direction, with the knobs (CFj) protruding from the 
outer surface of the membrane. It will be recalled that the proton 
gradient is also in opposite directions in the two membrane types 


(49,87 ,88). 


Because of the difference in concentration and in electric 
potential, a proton which is expelled across the membrane experi- 
ences a force tending to draw it back across the membrane. The 
movement of the protons in response to this force can be made to do 
work which can be translated into the synthesis of ATP according to 
the equation: 


ge = + 
ADP Ee HPO), + 2H 


Where Hy and H> represent protons before and after they have 
crossed the membrane down their electrochemical gradient. Note that 
the reaction is reversible so that the ATPase can generate a proton 
motive force if ATP is added. This resembles the situtations which 
we discussed for the Ca2+-ATPase of sarcoplasmic reticulum and the 
Nat-Kt-ATPase of most plasma membranes, except that the mechanism 
is quite different. A basic difference is that in the case of 
chloroplasts, mitochondria and bacteria, ATP is formed and hydrolysed 
without the formation of a phosphorylated intermediate (E~P) which 
is essential for the energy transduction by the Ca2+-ATPase and 
Nat-K*-ATPase (55,83,88). 


Solute Movement Driven by 
Electrochemical Gradients of Protons 


The impermeability of the cell membrane to Ht and to most 
cations makes it an ideal system to store electrochemical gradients 
of protons or of other cations. Once an electrochemical gradient of 
ions is generated across the membrane, it can be utilized to drive 
the transport of other ions and metabolites against their concentra- 
tion gradients. This aspect has been extensively studied for Nat, 
amino acid, and sugar transport in bacteria (89,90) and for the 
transport by mitochondria of metabolites utilized in the Krebs cycle 


(49,90-92,95) . 


The uphill movement of the solutes transported is coupled to 
the relaxation of the ion gradients in such a way that the energy 
of the entire system decreases, but most of it is preserved in the 
form of new electrochemical gradients. As discussed earlier, 
Mitchell (see reference 49 for review) postulated that this is 


STRUCTURE AND FUNCTION OF CELL MEMBRANES 37 


accomplished by symport and antiport movement of the solutes. In 
the case of symport, the substrate and the ion from the ion gradient 
move in the same direction, and in the case of antiport, they move 
in opposite directions, across the membrane. This concept implies 
the obligatory interdependence of ion and solute movements coupled 
through a specific membrane component (''carrier'') which facilitates 
the translocation. 


The Case of Mitochondria 


The inner mitochondrial membrane has ''carriers'' for ADP, ATP, 
inorganic phosphate and for several metabolites of the Krebs cycle 
mentioned earlier (49,91,95). ATP4-, with four negative charges is 
synthesized in the mitochondria and diffuses across the mito- 
chondrial membrane in exchange for ADP? with three negative charges. 
The carrier that facilitates this antiport exchange is inhibited 
by atractylocide and the exchange is driven electrophoretically by 
the membrane potential difference (49,92,95), since at physiological 
pH there is a difference in charge between ATP* and ADP?~. In 
addition to ADP3~, inorganic phosphate (HPO2") also moves into the 
mitochondria catalysed by another carrier which promotes an electro- 
neutral exchange between HPO2- ard 20H~ (91). The gradient of OH 
is in the opposite direction of that of Ht. The transport of Ca2+ 
by mitochondria is thought to be by electrophoresis through a 
"carrier'' which acts as uniport, but this is controversial (49,93, 
95,100). In the absence of carriers, there may still occur the 
movement of some ions if the membrane is leaky, as illustrated for 
Keeand Gdic (ie :29):: 


Note that the Auyt creates gradients of other ions (aTP4e , 
ADP3~, HPO¢~, Ca2t+, etc.) which can themselves drive the transport 
of other substances. Thus, the mitochondria has electroneutral 
antiports for exchange of HPO¢ for the dicarboxylic acid malate 
and for the exchange malate/a-ketoglutarate, etc. (49,91). In Fig. 
29 | present a summary of some of these concepts. 


The Case of Bacteria 


The photosynthetic bacteria (Halobacterium halobium) provide a 
very valuable tool to study the nature of membrane transport and 
for coupling of transport to the electrochemical gradients generated 
by the cell membrane (80,81,89,90). 


When the bacteria are grown at low 0» concentration in the 
light, they synthesize a protein, bacteriorhodopsin (a protein 
similar to rhodopsin) which forms distinct patches in the cel] 
membrane. Up to 50% of the total surface membrane may be covered by 
these ''purple patches" (80,81,89) and pieces of these membrane 
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Buy = Aw+ZApH 


Malate” Cay 


Fig. 29. Solute movements in mitochondria driven by the 
electrochemical gradient of protons ( “y+). The pumping of protons 
out by the mitochondrial membrane creates a “yt composed of a 
and a pH. These forces can then be utilized to transport other 
substances through ''carriers'' which function as uniports, symports 
or antiports. Cation and anion ''leaks'' occur at low rates. There 
is controversy as to whether Ca2+ is transported by an uniport or 
a symport and it is difficult to distinguish between a HP0“),/20H™ 
antiport anda HPOf /2H* symport (49,95,100). 


patches can be isolated by osmotic shock, giving purple membrane 
fragments which are in the form of vesicles, containing about 75% 
protein and 25% lipid by weight (89). 


lllumination of these vesicles causes the extrusion of H* and 
the generation of a membrane potential, as observed also in the 
intact bacterial cell (80,89). Since the only protein that these 
membranes contain is the bacteriorhodopsin, it must be the proton 
pump. The reaction for the H* pumping has been worked out in some 
detail, and it can be summarized as follow. 


Purple Complex <—mw@ ight 


Intermediate Intermediate 


412 Complex 
H+ Liberated 
Inside Outside 


Thuseah wis picked up on the inner surface of the membrane and 
is liberated on the outer surface. 
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Fig. 30. Formation of an electrochemical gradient of protons 
(Aui,+) by the photosynthetic bacteria Halobacterium halobium. The 
Aiiyt is then utilized ve transport Nat by an antiport. The electro- 
chemical gradient of Nat then drives the transport of some amino 
acids and sugars by specific symport systems. (89). 


The extrusion of protons is accompanied by some efflux of 
counter-ions {e.q. Cl-) and influx of co-ions (e.q. Kt), but the 
movement of these ions is slower than that of the proton, which 
accounts for the electrogenic nature of the proton pump, i.e., 
there is always a gap between the protons pumped and the ions 
passively transported. 


The ALy+ which develops in the intact bacterial cell is used 
by synthesize ATP through the ATPase system (80, 89) and to pump 
Nat via a Ht/Nat antiporter, and, as a result, Nat is extruded 
(Fig. 3 30). It should be noted that these cells do not have a 
Nat-Kt-ATPase so that the function of this enzyme in other cells 
is fulfilled in photosynthetic Backs tle by the Ayyt through a 
specific antiporter (carrier) for H*/Nat exchange (ga) The Nat 
gradient which is generated can also drive the Sag tt of several 
amino acids through specific symports (80,81,88,89,90). 
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THE GENERAL CONCEPT 


The general concept which has emerged in the last ten years, 
especially with the advent of the chemiosmotic hypothesis (49,86), 
is that a gradient of solute and of electrical potential is” 
generated during coupling between electron transport and oxidative 
phosphorylation. For the transport systems recognized to operate as 
ATPases (Ca“t-ATPase and Nat-Kt-ATPase), the formation of the 


METABOLITE 
TRANSPORT 


<3 3clds, 
sugars 


IONIC 
GRADIENT 


eg. Ca2*, 


ELECTRON 
TRANSPORT 


ATP ATP 
Apt 
Cee 
a ae 
ADP ADP 


GRADIENT 
(ay) 


RHODOPSIN 

Fig. 31. Principal pathways of energy transduction by cell 
membranes. The proton pump in mitochondria and chloroplasts is an 
electron transport chain, whereas in bacteria it is bacterio- 
rhodopsin. At least in sarcoplasmic reticulum, the Ca2t+t-ATPase 
generates a proton gradient and a membrane potential. The electro- 
chemical potential (Ay+) can then drive the formation of other ion 
gradients which in turn drive the transport of the various meta- 
bolites. The electrical gradient may also drive the transport of 
ions and other metabolites. In the case of the ATPases, the energy 
is transiently stored in a phosphorylated intermediate (E~P) which 
has not been found for the proton pump of mitochondria, chloro- 
plasts or bacteria. 
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electrochemical potential is energized by the transfer of the 
terminal phosphoryl groups from ATP to a protein (ATPase) and, 
subsequently, to water to form inorganic phosphate (48,49,55,82). 
In Fig. 31, | outline the principal pathways of energy transduction 
in cell membranes. 


The chemiosmotic theory (49,86) gives a reasonable explanation 
for the vectorial transfer of protons in mitochondria, chloroplasts 
and bacteria responsible for developing the electrochemical 
potential (Afiyt+), but it is not clear how the cleavage of ATP to 
give ADP and Pi drives transport through the intermediate phospho- 
rylation of the ATPase. The reversal process, in which ATP is 
synthesized by the migration of solutes down their electrochemical 
gradient, must involve a reaction which is the reverse of that 
which hydrolyses ATP and forms solute gradients. 
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BIOPHYSICAL ASPECTS OF MEMBRANE PERMEABILITY 


J.J: P, De LIMA, Phe. 


Faculty of Medicine, University of Coimbra, Coimbra 
Portugal 


Many biological compartments, although exchanging mass conti- 
nuously with the environment, maintain their chemical identities. 
This occurs because the exchanges which take place across the bar- 
riers that surround the biological systems are qualitatively and quan- 
titatively controlled. Such control is achieved through a balanced 
use of multiple barrier mechanisms like diffusion, specific permea- 
bility and transport of ions against electrochemical potentials. 


Physical models have been purposed to the study of either ar- 
tificial or biological membranes. Such models particularly those 
based on the Sieving of size and charge of molecules or on the per- 
meation of substances dissolving in the membrane phase, have been 
very important to establish the general principles and to understand 
the actual phenomena related with membrane permeability. 


The transport phenomena of substances across membranes are pri- 
marily divided into two complementary groups of phenomena: the pas- 
Sive and the active. In the first group are included all the pheno- 
mena produced by classical diffusion forces such as gradients of 
chemical potential, of pressure, or of electric potential. 


In these terms diffusional fluxes produced by concentration di- 
fferences across membranes, solvent drug effects, coupling between 
fluxes, facilitated diffusion, exchange diffusion, etc., belong to 
the first group. 


In the active phenomena, metabolic energy is utilized to trans- 
port molecules against potential gradients. 


In this lecture we shall review some important physical charac- 
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teristics of the passive membrane mechanisms. 


I. THE FLUX EQUATIONS 


We define flux as the mass of a solute which per second crosses 
the unit area normal to the direction of transport. 


A flux of solute particles can always be written as a product 
its Tec 


where J is flux, C the concentration and v the mean velocity of the 
particles. 


The mean velocity v is related to the driving force by the 
equation 


2. ve=ulf 


u' is the mobility of the particles and f is the driving force. 


In the case of translational free diffusion of neutral parti- 
cles the driving force per mole is the negative gradient of the che- 
mical potential uw. Then the driving force per particle along the x 
direction is 


© centers 
3 f = rer 
where L is the Avogadro's number. 
The flux is then 
ee OL 
4, J= ietde 


the diffusion flux occurs from the higher to the lower chemical po- 
tential. 


The chemical potential and the activity of a solution are re- 
lated by the equation 


Be U = Uo + RE ina 


The gradient of the chemical potential along the x direction 
is 


da 
dx 


avy il 
dx Bi ae 
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For dilute solutions we can equalize activity with concentration 


and 
aia es cole 
dx aE A Mee 
Then eq. 4 becomes 
OF FGUR TS dC 
6. J = eerie 


This is the first Fick's law for free diffusion usually written 
in the form 


dc 
7 = 
J D ae 
: , ; ; WRT, A ; 
D is the diffusion constant and the equation D = 1s the Eins= 
tein relationship. The diffusion constant D is generally 


measured in cm’/s. 


Assuming that the solute molecules are spheres moving in a vis- 
cous medium such that the driving force is balanced by the frictional 
force, Stoke's law can be used to relate D with r, the radius of the 
spheres, and with n the viscosity by equation 


RT 


eA with 


Os DS 


a = 6mnNr 
Generally eq. 8 is a poor approximation of the actual situation. 


Knowing the values of N for water and for media roughly analo- 
gous to biological membranes such as vegetable oils it is possible 
to grossly compare the diffusion in these two cases using eq. 8. 

For the same molecular size the value of D for water is at least 10° 
times greater than for the vegetable oils. 


It is important to extend our study to the charged particles. 
Let us use eq. 1 for the case of charged particles. 


We are interested in the charge which goes per second through 
the unit area normal to the direction of the movement, i.e. current 
density 

9. @=oVv 


where © is the flux of charge or current density, P is the density 
of charge and v is the mean velocity of the ions. 


If C is the molar concentration of the ions then 
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LOK QO = CFZ 


The mean velocity is related to the electric mobility u and 
electric field E by the equation 


1S v=ueE 
Since the electric field E is the negative gradient of the elec- 


tric potential 


dV 


Le Vv = -u aS 


Using eqs. 9, 10 and 12 it comes 


13. 6 = -, oT) 
dx 


where (VFZ) is the electric potential energy per mole. 


Eq. 13. is formally identical to eq. 4,-i1.¢. both equations in- 
clude concentration times mobility times a gradient of potential 
energy. However, these two equations are expressed in different units 
because u' is dimensionally different from u. 


If across a phase of thickness dx both an electric potential 
gradient and a chemical potential gradient act on a positive ion 
then the current density resulting from the added driving forces is 


2 Way dv 
14. @ = CC et aaa 
Note that the diffusion term has been converted into current 
density. It can be shown that u’ = u/|Zle, then 
ily grees Gueee ert See Se acr |Z (a) 
A dx * dx 


in C/m? sec. This is a variation of the Nernst-Planck equation of 
great interest in the study of ionic flows through membranes. Eq. 15 
applies to ions of both signs. As it is expected the diffusion cur- 
rent term depends on the sign of the ion but the electric field term 
does not since electric current is in the field direction for either 
positive or negative ions. 


Generally we are interested in the solution of this equation 
when we consider the flux through a membrane. In order to have this 
solution we must know the values of C across the membrane, the va- 
riation of the electric potential inside the membrane and the parti- 
tion coefficients, i.e. the ratio between the concentrations of the 
ions at the surface of the membrane and at the bulk of the solution 
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for both sides of the membrane. 


Let us assume that the potential gradient across the membrane 
is constant - constant field model - and that the partition coeffi- 
cients are constant over the surfaces and equal for both the surfa- 
CoSemner 


Cy (side 1) 


sires oP Ole 
16. 


Co (side 2) 


cots ees ate 


With these assumptions the Nernst-Planck equation gives by inte- 
gration 


F 


- — AV 
oe Peet ache Cogen RT 
BLS ey, 
IL SG UML 


This equation represents the flux of an ionic species i across 
a membrane of thickness Ax through which exists a potential diffe- 
rence AV = Vo - Vj. 


Equation 17 deserves some attention. 


When AV > 0 this equation becomes 


= BuRT AC 


Sr ® “Ax (Cy = Co) =? 8D ee 


Eq.18 is formally identical to the integration of Fick's law 
for the limits C, and C2. This equation applies to 1) the diffusio- 
nal transport of uncharged molecules across a membrane and 2) the 
diffusional transport of ions when the transmembrane potential is 
null. 


In these two situations the flux is directly proportional to 
the concentration gradient across the membrane. In eq. 18 C; and C2 
refer to the concentrations inside the membrane at the left and 
right membrane-solution interfaces. It was also assumed that there 
was no net flux of water (solvent) across the membrane. If there 
were a net flux of water a solute flow coupled to the water flow 
should be taken into account. Assuming a net water flux J, in moles/ 
/om? sec and writing Vy for the partial molar volume of water the 
volume flux associated with the flux of water is 


19. Ince Jo Ve 


Then the flux of solute coupled to the water flux is 
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20. J, te 
where C is the average concentration across the membrane. 


If a reflection coefficient 0 is defined as the fraction of 
the solute molecules which happen to have such an orientation or po- 
sition in the stream line of solvent that they are reflected back 
without passing through the membrane then the flux of solute coupled 
to the flux of water becomes 


Dalle dace (Gl ee). (6 


If the net flux of a positive monovalent ion species across a 
membrane which is permeable to the ion is zero, eq. 17 becomes 


F 
= AV 
¥ m BUF Cie Comme Omen 
@= 0 = —— AV oe _ 
Ax =k AV 
Hoey aak 
F 
or Gl =" Co Ver eRE AV 
eo ikik Co 
and AV = - ne 


which is the Nernst equation when applied to positive monovalent ions. 
The general form of Nernst equation is 


Die AV = == In — 


This equation gives the electric potential difference which must 
be generated in order to maintain the concentration ratio C2/C). 


Eq. 22 when applied to the concentrations of the ions in extra- 
and intra-cellular compartments does not satisfy for some particular 
ions, for example the Na* in the nervous cell, although for Kt and 
Cl~ it gives approximate results. 


Returning to eq. 17 let us define the permeability coefficient 
P;, for the ion species i, as 


u;BRT 
DB. Py = eich 


and write the current density corresponding to a flux of these ions 


ah a. <p. DAY Gi Pi Ohee RT oy 
; Lp SURI Cape pee, humo 


1 _e Rp AV 
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Supposing that across a membrane fluxes of Na’, Cl” and Kt are 
occurring (for example in the axon plasma membrane) we can write the 
last equation for the three ions, i.e. 


2 me AV 
_ Roa (C0 (Kt) = C(R oe RT 
Rays Pa RT ea ees te ee 
(aves RT : 
2 + ny 
q FoAW C(Nac)or= GNas jel e RT 
Die ® (Nat) = P (Nat) RT Feit tee ROL? ahaa wet F a 
1-e RT 
F 
ECL ame HoAV: C(Cle)ee = C(Clm)y ee rr OY 
CGS ie (Gls)? * ap F a 
l-e RT 


If no electrical current is passing through the membrane al- 
though equilibrium does not occur for the individual ions 


26. eee eee a0 


Substituting the values of the current densities and solving 
for AV it comes 


a + = 
OF AV = nS tn CiNat)2 + oC (Kt)2 + O¢C(C17)1 
C(Na*), + a,C (Kt), + OcC(C1)o 
in whi - P(K*) reCCle) 
in which On = P (Nat) and ac] = P(Nat) 


Eq. 27 is known as the Goldman equation and has been used to 
calculate the transmembrane potentials when the concentration of Nat, 
K+ and Cl~ are known as well as the permeability coefficients which 
are supposed to be independent of the ion concentration. 


By means of eq. 17 and using a double labelling with radioiso- 
topes it is possible to characterize a diffusional transport. 


Suppose two large compartments separated by a membrane having 
Na?* ions in compartment 1 and Na** ions in compartment 2. Either 
the concentration of Na** in compartment 2 or the concentration of 
Na?" in compartment 1 are negligible since we are dealing with lar- 
ge compartments. Using eq. 17 we can write for the unidirectional 
fluxes 


BuF C(Na2*) 
28, Br ete UTE Ay AAS, eee 
N 
a Ax er AV 


l=.e RT 
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F 
- — AV 

BuF =C(Na= Jes RT 
0) Dil Gy EE A) ee 

Na Ax ‘ Ais AV 
a Cue elt 
then 
ce dNa22c(Na22) _ & av 
= RT 


This equation - flux ratio equation - gives the ratio between 
the flux of ions from compartment 1 to 2 and the flux of ions from 
1 {Oy Ihe 


When this equation is obeyed the flux is very likely diffusio- 
nal in nature. 
II. WATER TRANSPORT 


Let us now consider the osmotic flow of water. A schematic set 
up to study this flow is shown below 


Different concentrations of an aqueous solution are separated 
by membrane M which is permeable to water but impermeable to the so- 
lute molecules. Suppose Cz > C, and Py = Pz at the beginning of the 
experiment. 


The system will tend to a state where the chemical potential of 
permeant ions is the same at both sides of the membrane. This equi- 
librium has to be achieved at the expenses of a flow of water through 
the membrane. An osmotic flow of water from reservoir 1 to reservoir 
2 is expected if Cy > Cy. For dilute solutions the osmotic flow of 
water will be shown to be proportional to the difference of concen- 
tration between the two compartments. 
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The flow of water will be opposed by the hydrostatic pressure 

between the compartments which is built up. When equilibrium is rea- 

ched the pressure difference across the membrane is the difference 


in osmotic pressure between solutions 2 and 1. 


If compartment 1 contained pure water the pressure difference 
at the equilibrium was the osmotic pressure of solution 2. 


We can say that hydrostatic pressure builds up a water flux 
which compensates the osmotic flow. A difference in hydrostatic pres- 
sure is obviously another way of creating a flux of water across the 
membrane. If P, > Po a flux of water from 1 to 2 is obtained which 
is proportional to P, - Po. 


Let us use the chemical potential to quantitate the osmotic 
flow of water. 


The chemical potential of an ideal solution of a non-electrolite 
of a species i can be written 


B05 is = 15 (2) Ves PF RT Inky 


where Vj is the partial molar volume of species i, P is the hydros- 
tatic pressure and ;(T) depends only on temperature. 


In a dilute aqueous solution for solute of species i 

Bie. ue SB 

where Vy is the partial molar volume of water. Then eq. 30 becomes 
32) MoS us (T) + Vj P+ RT ZnC; 


where . 4 
H; (T) = i(T) + RT dnV,, 


is standard chemical potential. 
For water the chemical potential from eq. 30 is 
33;. Ws = Wy(T) + VyP + RT in X, 


The molar fraction of water is 


34. ni Ns 
Xy = een ea 
Thy ue ing Ny + MNg 
Ss Ss 


where s refers to solute species. 
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Taking into account that for dilute solutions ny >> Lng and 
s 


Viti ie 
=—— i comes 


Ny = 
Vw 
= Dib rs 
35. Xy = 1- ¥, 38 
=1- Vy EC, 
and Lyk s Cnet SC Ve 
then 
36. i = Ue) Vw(P - are) 


The term RT LC is the osmotic pressure of the solution. The 
equation 


37. Il = RT EC, 
Ss 


is Van't Hoffs law for dilute solutions. The equation for the chemi- 
cal potential of water can now be written 


38. ly = u2(T) + V,,(P - 1) 
The driving force for the flux of water will be then 


39. 
d fd = - 
ae aed Ane wl ae 


The flux of water is 


d 


40. O,=-wy Vw a (P - Td) 


Integrating this equation and for P = 0 
41. o, = -LppAll 
Lpp is the coefficient of osmotic flow. 
For Il = 0 
WD o, = LpAP 


Lp is the filtration coefficient. 
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For a true semipermeable membrane 


Lp = -Lpp 


If the membrane is also permeable to the solute then Lp differs 
from -Lpp and the ratio 


43. eee 
Lp 


is the reflection coefficient. 


The reflection coefficient is equal to unit for a true semiper- 
meable membrane and less than unit for membranes permeable to the 
solute. 


A more general equation can then be written 


44. , = Lp(AP - oAM) 


III. DONNAN EQUILIBRIUM 


Let us now consider the case of an idealized membrane model with 
perfect selective permeability to different ion species - the Donnan 
membrane. When such a membrane is used to separate two solutions a 
potential difference is developed across the membrane. 


Suppose that equal concentrations of NaCl are added to both si- 
des of the membrane and that a quantity of sodium proteinate is ad- 
ded to side 1. Assume that the membrane is freely permeable to Nat 
and Cl~ but impermeable to the large protein ions P4P_ 


Then the concentration of Nat is greater in side 1 than in si- 
de 2 and Nat will tend to diffuse across the membrane to side 2. Al- 
so. Cl**will tend to diffuse from side ly to-side=2) to-satisfy electro- 
neutrality. This ion transport will occur until diffusion and elec- 
tric forces are balanced. At the equilibrium the transmembrane poten- 
tial is called the Donnan potential. 


For the permeable ion species we can write 


2 C(Nat) > 
C(Nat), 


lets) 


enonnen F 

A555 
= RT a, C(Cl"); 
C(Cley2 
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Hence 
46. C(Nat es CCl); 


Cla lan Ce (CLs 


which is Gibbs-Donnan equation relating ion concentration of two ions 
both at equilibrium. 


A further condition which must apply to each side of the sys- 
tem is the electrical neutrality, thus on side 1 


hg C(Nat); = C(C1-), + Zp(P), 


where Zp is the valence of the ion proteinate, and 


48. C(Nat)>o = C(C15)2 on side 2 


Using eqs. 46, 47 and 48 


a C(Nat), = Nat) {c(Na*)i - Z C(P);} 
C(Na*)> 
or 
50. G(Nat)? - Zp c(P7), C(Nat), --Cc(Nat)2 = 0 


This is a quadratic equation in C(Nat); which has the solution 


2 2 al 
5s c(Nat), = 2 C(P)asteiZpac(P)50h 4C Gat) st fe 
2 
Therefore 
ay + 
ponnan “ = 2 ame 
C(Na*)2 
5. 


_ RT 1, (Zp CR) + {Zp C(P)} + 4C(Nat)3TA y 

2C(Na*) > 
If C(P); = 0 the Donnan potential becomes zero, i.e. = 
Donnan 


This model leads to the conclusion that when C(P),; # 0 a stan- 


ding transmembrane potential is built up that will rest without ex- 
penditure of energy. 


If the osmotic flow of water has been canceled by exerting a 
pressure AJI between compartments 1 and 2 let us call n and P the 
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initial concentrations of NaCl and proteinate respectively. Then the 
equilibrium concentrations will be 


53% CCI ys. S i > 5% CCCI Digt =n Se x 
Das C(Nat); =n —- x + ZP C(Nat)» =n+x 
Equ. 46 is also 

46.a. (n + x)? = (n - x) (mn - x + ZP) 


which gives 


Do (n 


x) < (n + x) < (mn - x + ZP) 


since (n + x) is the geometric mean of (n - x) and (n — x + ZP). 
Then 


56. C(Cle js.) C(C1l=) 4) -and4 -GiNaba > Cla. )s 
on the other hand 

rE C(C1lDabs=C: Matar S C(CL=) a9: C(Na)s 
This can easily be proved using eq. 46.a 

Then 

58. C(CiS) Wt CGlat) 5 + CCP), = Ciel.) o.% CWla™) 

We conclude from equation 57 that the ionic concentration of 
the dispersing medium of the proteinate ions is greater than the 


ionic concentration in reservoir 2. 


From equation 58 we can write for the osmotic pressure dif- 
ference between compartments 1 and 2 


59. 
All-= RT {C(C1=) 4) 4eC(Nat)y 4+5C()7 = C(C1-)o°- Cat) >} 


From eq. 57 we easily see that All is greater than the osmotic 
pressure of the proteinate alone, i.e. at the same concentration in 
the absence of small ions added to the solution. 


IV. FACILITATED DIFFUSION 


The permeation of a large amount of molecular species shows de- 
partures from the diffusional laws studied above. 
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This is for example the case of the entry of sugars into red 
cells. However, these permeants have in common with the processes 
studied that an equilibrium is reached when the concentration is the 
same in both sides of the membrane. We have already seen that in a 
true diffusional pro ess the equation ® = KAC is verified, i.e. 


5 


AC 


a straight line is obtained in a plot of 9%, vs. AC. 


In the case of the sugars and the red cells the plot ®, vs. AC 
gives a curve which looks like the one below 


25 


AC 


However, a double reciprocal plot of sugar entry against sugar 


concentration is a straight line showing a Michaellis-Menten type 
of reaction, 1.e. 


60. Co 


Such membrane processes called facilitated diffusion processes 
depend on a saturable mechanism and show some characteristics of the 
enzymatic reaction such as inhibition, competition, higher rate of 
penetration at the beginning than in diffusional processes, etc. 


The facilitated diffusion processes do not occur against elec- 
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trochemical gradients;on the contrary,they take place on existing 
gradients of the permeant solutes and invariably lead to the dissi- 
pation of these gradients. 

When the movement of a permeant molecule down its electroche- 
mical potential gradient occurs simultaneously with the movement in 
the opposite direction of a structurally similar molecule the pro- 
cess is called counter-flow or counter-current. 

Let us study a model of facilitated diffusion. In the picture 
below 

MEMBRANE 
SIDE 1 ~ SIDE 2 


Sy + + So 


a 
(Corp meen (CS) 


C is the carrier concentration, S; and S» the concentration of 
permeant molecules at sides 1 and 2 and (CS;) and (CS2) the complex 
carrier-permeant at sides 1 and 2. 


It 1s-assumed that: 


1. The system and its components are at equilibrium at both 
faces. 


2. The total carrier concentration (carrier + complex) is cons- 
tant through the membrane. 


3. Carrier and complex movements across the membrane are dif- 
fusional. 


4, The movement of the carrier complex is the rate limiting 
step. 


Then the flux of complex across the membrane ig given by 


61. Oeomp. = > kGe1)> geese)! 
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on the other hand 


62% Cue - Cyoo. = K 
(CS)) (CS2) as 
and 
63h Cw aCe (yy axes) = Cr 


Using eqs. 61, 62 and 63, we obtain for the flux of complex 
across the membrane 


64. Si Deets ee 
Ooi Km ( S1 + Km S2 + Ko 


and since in the steady state there is no accumulation of solute 
in the membrane 


or 


65. SH So 


which is the flux of permeant through the membrane. 
ie Km 7? 81 5 So 


66. K 
Os = ran Chia. 
m 


This is formally identical to the equation for a simple diffu- 
sional process through the membrane. 


ie iy SS Sa 5 Be 


There is no net flux of permeant even when there exists a con- 
centration gradient, S; >> So for example. 


The ratio between unidirectional flows 9,» and 9%), is 


67 O10 $1 S2 ar IK 


For the first case Ka to es 02 
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12 S1 


91 S2 
which still is a diffusional relationship. 
For the second case Kn<< Si, S82 


ee 
O01 


The unidirectional flows cancel each other. 


V. EXCHANGE DIFFUSION 
Using radioactive tracers it has been observed in systems in a 
steady state that a 1:1 exchange of substrate molecules across a 
cell membrane can occur without measurable net flow. 
This has been described as exchange diffusion a passive trans- 
port mechanism based on the scheme below 


MEMBRANE 


SLDE I SIDE 2 


Sat + So 


The uncombined carrier C has a very low mobility in the membrane 
phase. 


In the steady state 


dc 
68. a OD iGisi= 9 and 


="KiC1S1— Kj (SCq)) oP i(Sci) = (Sez) i= 0 
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combining eqs. 68 and 69 and 
(SC1) = (SC)2 
But Dame PL eSCy) = Coca )y 
then dg = 0 as expected. 
The unidirectional fluxes measurable with radioisotopes are 


O12 P(S7) 


70%. 
921 


P(SC2) 


Assuming the complex at equilibrium at both sides of the mem- 
brane 


(SC,) = KiC,S, 
eles 
(SCo) = KoC2S2 
entering with 


Cy == (807) F(SE2) "49 C]  & Co 
and eq. 71 in eq. 70 it comes 


S1S2 
kis Soc Sa a Ss 


UEC Dio = O51 = PK i Crp 


Lt So = 0 “Ss. O15 = 0. No untdirectionaletlux occurs Pf the 
substrate concentration is nullin the compartment which receives 
the flux. 


Eq. 72 can also describe counterflow mechanisms. 
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The manner in which protein crosses from blood to the 
extracellular clefts of the brain, when the barrier to such 
passage has been disrupted, has not been fully elucidated. The 
barrier, which maintains a sharp gradient between the high 
concentration of protein within the blood and the very low amount 
in the extracellular fluid of the cerebral parenchyma, is 
endothelial. The occlusion of the extracellular clefts between 
adjacent endothelial cells by successive belts of tight junctions 
together with the absence of vesicular transfer ensure that 
proteins do not cross the cerebral vessel (Reese and Karnovsky, 
1967). The degree of occlusion is complete with regard to 
protein and substances as small as ionic lanthanium (aoe) 
(Bouldin and Krigman, 1975), which has a diameter of about 0.9 nm. 


The junctions remain structurally intact when hyperosmotic 
fixative containing 2% NaCl is perfused through the heart. The 
cytoplasm of endothelial and epithelial cells of the brain are 
more electron dense than usual, the organelles more crowded, and 
the extracellular clefts distended, yet the tight junctions 
appear, in thin, plastic sections, to be unaltered (Brightman and 
Reese, 1969). However, when hyperosmotic non-electrolytes are 
applied directly to the brain surface or infused into the carotid 
artery before fixation, there is indirect evidence that the 
junctions are rendered permeable to protein such as horseradish 
peroxidase (HRP), even though their pentalaminar configuration is 
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unaltered (Brightman et al., 1973). Thus, the extracellular 
pools normally inaccessible to protein now contain HRP, 
indicating that the once impermeable junctions had opened 
sufficiently to allow HRP (MW 40,000), about 5 nm in diameter, to 
pass. The substance used in these experiments was 2.2 M urea. 
Because urea is a denaturant, it has been proposed that, in 
addition to deformation of the junctions following shrinkage of 
the endothelial cells bathed by the hyperosmotic urea, this 
molecule may also reversibly denature the protein of the tight 
junction strands. The strands would thus become discontinuous 
and therefore permeable to protein without evincing any 
alteration in thin sections (Brightman et al., 1974). The 
possible role of calyciform vacuoles, which took up HRP following 
urea exposure, in the transport of protein across the endothelium 
was unknown (Brightman et al., 1973). 


In addition to hyperosmotic shock, a number of other events 
lead to the escape of blood-borne HRP from cerebral blood into 
the parenchymal fluid. Trauma (Beggs and Waggener, 1976; 
Povlishock, 1979), hypertension (Robinson and Brightman, 1976; 
Westergaard et al., 1977; Nag et all, 1977), seizures (Petito et 
al., 1977), exposure to serotonin (Westergaard, 1975), 
hyperglycemia (Shivers, 1979) and hypervolemia (Horton and 
Hedley-White, 1978) are accompanied by extravasation of 
blood-borne peroxidase into the brain substance. These 
investigators failed to detect a penetration of HRP through the 
endothelial junctions and, instead, have noted an increase in 
endocytotic vesicles. The greater number of vesicles, labeled 
with HRP or unlabeled, are regarded as moving from luminal to 
abluminal surface of the endothelium, so transferring the protein 
from blood to brain. The most convincing evidence of passage in 
membrane bounded vacuoles has been provided by the serial 
sectioning of endothelium after concussive damage (Beggs and 
Waggener, 1976). 


Colloidal lanthanum, which is less than 2 nM in diameter, 
has been dissolved in aldehyde fixative, which is then perfused 
through the heart of rats after administration of hyperosmotic 
mannitol or hypertensive agents. This smaller tracer appears to 
penetrate successive tight junctions under these conditions 
(Nagy, 1979a, b). This inference was based on the presence of 
colloid within single interjunctional pools at some distance from 
the luminal surface rather than on a succession of filled pools 
viewed in serial sections. We have been re-examining by 
sequential sectioning the effects of a hyperosmotic 
non-electrolyte, arabinose, which at a threshold level of 1.4M, 
opens the barrier to Evans blue-albumin (Rapoport, 1972). The 
tracer used here is the smallest one yet available: ionic 
lanthanum. 
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A second aspect of cellular influence on the composition of 
the extracellular fluid of the brain is a cell which does not itself 
form a continuous barrier to passive, extracellular flow. This cell, 
the astrocyte, though it does not form a continuous cellular barrier 
but is, instead, circumventable by extracellular protein (Brightman, 
1968), ensheaths over 90% of the vessel wall in the CNS. The ubi- 
quitous astrocyte can indeed modify the composition of perineuronal 
fluid with respect to potassium (Kuffler and Nicolls, 1966) and 
probably other substances. It is, therefore, appropriate to con- 
sider the structure of the astrocytic membrane which is involved 
in maintaining the constancy of the cerebral microenvironment. 


BLOOD-BRAIN BARRIER TO IONIC LANTHANUM 


In contrast to the tight junctions between adjacent epithelial 
cells of the choroid plexus which are penetrated by ionic lanthanum 
(Castel, et al., 1974) those of the cerebral endothelium are imper- 
meable (Bouldin and Krigman, 1975). When we confirmed these results, 
it became apparent that, if we were to find exuded La which is 
indescernible by light microscopy, HRP had to be used simy] taneous ly 
as a marker. The necessity of using HRP together with La % Asethe 
randomness of barrier opening. Regardless of the type of stimuli, 
listed previously, all barrier openings share one aspect: they are 
spotty; only isolated segments of different vessels are rendered 
permeable so that exudates are formed sporadically at many sites, 
all of them unpredictable in location. 


By priming rats with HRP injected into a femoral vein before 
or after the introcarotid infusion of 3 to 5 nM lanthanum chloride, 
we were able to choose areas of lanthanum escape by the locali- 
zation of HRP exudates. The simultaneous use of these two tracers 
have the pied antag: of dense HRP reaction product obscuring a 
light deposit of La * in some specimens. By short incubation 
periods, however, the density of reaction product should be 
diminished so as to enable the distinction between the particulate 
form of ionic lanthanum and HRP reaction product. 


A threshold concentration of 1.4 M arabinose dissolved in 
2.9 ml. of saline is infused over a period of 30 seconds into one 
internal carotid artery in adult rats that had been injected 
intravenously with 0.25 mg. HRP/gm. body weight. A volume of 0.6 
ml. of the HRP solution was infused either before or after the 
lanthanum infusion. One ml. of 3 to 5 mM Janthanum chloride is 
infused into the same carotid artery 15 to 30 seconds following 
the administration of arabinose. The animals were fixed by per- 
fusion of aldehydes through the aorta 5 minutes after the La 
infusion. Chopped sections from all regions of the brain were 
incubated for peroxidatic activity. Only those regions containing 
HRP exudates were processed for electronmicroscopy. 


68 K. DOROVINI-ZIS, J. J. ANDERS, AND M. W. BRIGHTMAN 


Fig. 1 Lanthanum (La) penetrates interjunctional pools between 
two adjacent endothelial cells. Needle-shaped La ae 
deposits attach to the plasma membrane on the luminal 
side. The basement membrane (BM) and abluminal pits (p) 
contain HRP. 1 - lumen. X136,000. 


Within 2 minutes after the infusion of the arabinose, HRP 
was exuded from blood vessels throughout the brain. These protein 
exudates were most numerous in the temporal and parietal regions of 
the cerebral cortex and in the brain stem. As with hyperosmotic 
(2.2M) urea infused into the internal carotid artery of rabbits, 
the exudates of HRP formed around segments of arterioles and capil- 
laries primarily. The number of junctional clefts were most 
numerous in arterioles. 
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Considerably less Last passed into the parenchymal clefts 
than did HRP, as viewed electron-microscopically. The lanthanum 
was extravasated from the same vessel or from adjacent vessels 
across which HRP had miarated (Fig. 1). Ionic lanthanum appeared 
as needle-shaped deposits, a continuous, very dense electron mass 
or aS a granular aggregate -- all three states being observable 
in the same section. The most common type of deposit was the 
needle or fusiform one. 


In a few vessels, Last penetrated three or more successive 
tight junctions as manifested by its entry into the extracellular 
pools between the junctions (Figs. 2, 3). In serial sections, 

Las+ could be followed as a deposit in 3 or more of these pools 

but usually not all of them, from luminal to abluminal surface. 
However, a continuous row of pools containing HRP could occasionally 
be discerned in a few junctions. Rarely, all of the pools contained 
La in a single, thin plastic section and La could be followed from 
the luminal pool to the abluminal one and thence the basal lamina. 
The filling of the basal lamina was uneven. An extremely dense, 
continuous column of deposit could end abruptly leaving the remain- 
der of the lamina with only a stippling of La Nevertheless, 

the granular form could not be confused with lead deposit inasmuch 
as the sections were not stained with either lead or uranyl acetate. 
It is as though the binding to the basal lamina in these regions 

was variable with segmental leaching or deposit during succeeding 
washes in buffer, alcohol or organic solvent. The leaching may 

have taken place even though 3-5 mM lanthanum chloride had been 
added to the osmium and buffer solutions. 


The same cleft between contiguous endothelial cells that is 
penetrated by ionic lanthanum may also be entered by peroxidase. 
Usually, the two fronts are separated by a tight junction or by 
an interjunctional pool’. This separation implies two events: 

(a) each tracer entered the cleft from a different source -- 
either luminal or abluminal and (b) neither tracer penetrated the 
entire row of successive junctions. Most frequently, the La 
entered from the luminal side of the cleft, whereas the HRP did 
so from the abluminal side, that side facing the basal lamina 
(Figs. 1d, 2). We do not know how the much larger substance, HRP 
(MW 40,000, with a diameter of about 5 nM) crossed the endothelium. 
There are four possible routes by which the vrotein traversed the 
vessel wall: passive movement through open tight junctions, 
passive flow across a damaged, "torn" endothelial cell, active 
vesicular transport, and active canalicular transfer. 


Unlike the experiments with hyperosmotic urea, HRP did not 
penetrate all interjunctional pools from luminal to abluminal 
surface in any single, thin section of endothelium. Several pools 
were penetrated and this entry might signify passage through all 
junctions but at different levels of the cleft. It would, however, 
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Serial sections of cerebral arteriole. a-d.: lanthanum 
(La) enters an extracellular cleft from the lumen (1). 

HRP, already deposited in the basement membrane (BM), has 
penetrated the same intercellular cleft from the opposite 
side (b-d). The two tracers meet in d at arrow. Abluminal 
pits (p) and vesicles (v) contain HRP. Some vesicles may 
be pits with a communicating neck in another plane of 
section. X50,000. 
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be considerably easier to reaard the junctions as having been 
rendered permeable had the peroxidase entered all of the inter- 
junctional pools visible in a single section. 


The second route - discontinuities in the endothelium - is a 
possibility that has yet to be demonstrated unequivocally. The 
flooding of endothelial cytoplasm by freely dispersed peroxidase 
indicates that the endothelial cell membrane has been damaged 
(Brightman, 1965). An intact and, therefore, semi-permeable 
membrane would not allow the free entry of protein. The inundation 
of some endothelial cells, however, does not result in the escape 
of protein into the perivascular clefts. In almost all instances, 
the freely dispersed protein remains within the endothelial cell 
with no discernible reaction product in the subjacent basal lamina. 
Either the binding capacity of the cytoplasm is considerable so 
that very large amounts of circulating HRP are necessary before 
the protein spills out of the cells, or the abluminal portion of 
the cell membrane is still intact (Brightman, 1977). An actual 
tear in the endothelium has not been found. Nevertheless, after 
exposure to hyperosmotic arabinose, the endothelium might be 
rendered susceptible to disruption by the hydrostatic pressure 
and hich flow rates during perfusion of balanced salt solution and 
aldehyde fixatives. If breaks in the endothelium are created at 
that time, there would be little time for peroxidase to form 
characteristic exudates. For one thing, the rush of fixative would 
rapidly dilute the HRP being flushed past the break. Although 
still elusive, a few, small ruptures of the endothelium might 
account for the escape of protein without accompanying red blood 
cells. 


A third mechanism, proposed by a number of investigators, is 
vesicular transport. A number of unrelated stimuli, listed in the 
introductory part of this account, all result in the exudation of 
peroxidase from cerebral vessels by way of active vesicular trans- 
fer rather than by the passive flow through permeable junctions, 
according to these authors. The mechanism here is the formation 
of pits by the luminal plasma membrane of the endothelium, and 
their pinching off to form vesicles containing whatever luminal 
contents that had been entrapped within the omega-shaped pits. 

The vesicles then move rapidly across the endothelium to fuse with 
the abluminal plasma membrane and so eject their contents into 
the perivascular space. 


An experiment that does not support this type of transfer is 
one where hyperosmotic arabinose is infused as usual and, within 
minutes, the brain fixed with aldehydes. Two to three hours after 
fixation, a solution of peroxidase is perfused through the heart. 
Exudates of HRP surround cerebral vessels in a pattern similar to 
that following administration of the protein in the brain that had 
been exposed to the arabinose (Brightman, 1977). The HRP did not 
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penetrate successive tight junctions between endothelial cells; 
however, a few short clefts between endothelial cells appeared to 
have become separated and contained HRP. Since formation and 
migration of vesicles must have been completely halted by 2 to 3 
hours of fixation in glutaraldehyde, vesicular transfer could not 
have accounted for the escape of protein. It was hypothesized that 
parajunctional channels were actively formed and remained open at 
their luminal and abluminal ends long enough to be fixed in an 

open condition. 


Two alternative explanations are consistent with this result. 
In the highly attenuated regions of capillaries, where the thick- 
ness of the endothelium may be no greater than the diameter of a 
single pit, a sinale pit, opening onto the Juminal and abluminal 
face of the endothelium may act as a channel. The second alternative 
is the formation of longer channels by the confluence of vesicles. 
In the capillaries of skeletal muscle, transendothelial channels 
form by vesicle fusion (Simionescu et al., 1975). Such channels, 
as just discussed, may be one vesicle wide or several vesicles 
long (Brightman, 1977). Lossinsky et al., (1979) have described 
such channels in cerebral endothelium. However, anything less 
than the depiction of either a channel with both a luminal and 
abluminal opening or a continuous column of reaction product 
extending from luminal to abluminal surface, is insufficient evi- 
dence for a role in transfer. Ideally, the transport should just 
have begun so that the abluminal end of such a column would extend 
as a focal "puff" of reaction product in an otherwise empty basal 
lamina. Once the basal lamina is completely infiltrated with HRP, 
there is no way of ascertaining the source of the protein, whether 
it be from vesicle, channel, tear or permeable junction. We have 
yet to encounter a channel that would satisfy these conditions. 


The insistence that the channel be visualizable from its 
luminal end all the way to its abluminal opening is not a captious 
one. The cerebral endothelium of the hagfish is tunneled by many 
channels that either extend from a luminal opening to a point near 
the opposite, abluminal surface or from an abluminal opening to 
a point near the luminal surface. A channel] that was open at both 
ends in the same section was not described, and all of these vessels 
have a blood-brain barrier to HRP (Bundgaard et al., 1979). Thus, 
an endothelium with zonular tight junctions, though honeycombed 
by channels that almost extend across the endothelium, stands as 
a barrier to protein. We reiterate that channels, either one 
vesicle in diameter or the length of a vesicular chain, and open 
at both ends simultaneously have not been found in our specimens. 
The question of whether the passage of peroxidase across cerebral 
endothelium bathed by hyperosmotic arabinose solutions is passive 
by way of permeable junctions or tears, or active via parajunctional 
channels is still unresolved. 
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Although most of the surface of cerebral vessels is ensheathed 
by astrocytes, these cells do not act as a barrier to the extra- 
cellular movement of protein (Brightman, 1968). Instead of forming 
tight junctions, the cell membranes of contiguous astrocytes are 
united by gap junctions (Brightman and Reese, 1969). These junc- 
tions are not zonular and HRP can flow around them. The astrocytes, 
however, have been purported to influence the composition of extra- 
cellular fluid within the central nervous system (Kuffler and 
Nicholls, 1966). This influence might, in part, be exerted through 
the astrocytic cell membrane and a consideration of its internal 
structure under different conditions will now be presented. 


The inside of cell membranes can be visualized by the following 
method. Small pieces of aldehyde-fixed tissue are cryoprotected 
by immersion in 25% glycerol, frozen at liquid nitrogen temperature 
and cracked under a high vacuum. The fracture plane runs through 
the middle, hydrophobic portion of cell membrane and the artifi- 
cially produced faces: an inner or protoplasmic (P) one and an 
external (E) one, are then replicated by depositing, under vacuum, 
a thin film of platinum and carbon. The vacuum is broken, the 
tissue is dissolved in a strong oxidant and the freed replica is 
mounted on a grid for electron microscopic examination. 


Astrocytes, so prepared, display aggregates of small particles 
called assemblies (Landis and Reese, 1974) within their plasma 
membranes. Each assembly consists of subunit particles, 5-7n" 
wide, which stud the inner or P face leaving complementary pits on 
the opposite — face (Fig. 4a). The assemblies within the astro- 
cytes' cell membrane are especially numerous, but are not peculiar 
to this cell. Orthogonal aggregates of particles, which are 
identical in appearance to astrocyte assemblies, also occupy the 
plasma membranes of Muller cells in the retina (Fig. 4b) (Reale 
and Luciano, 1974), ependyma cells (Brightman et al., 1975; 
Privat, 1977), satellite cells in autonomic and spinal ganglia 
(Pannese et al., 1977; Elfvin and Forsman, 1978), hepatocytes 
(Kreutziger, 1968), epithelial cells of the intestine (Staehelin, 
1972) and trachea (Inoue and Hogg, 1977), light cells of the 
kidney collecting tubules (Humbert et al., 1975; Ellisman and 
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Fig. 4. Replicas of the inner or P face of freeze-cleaved cell 


membranes. Assemblies (arrow) are interspersed among 
background particles (lines) within the membrane. 


a. Cell membrane of astrocyte from glia limitans (subpial) 
Rat. X 120,000. 

b. Cell membrane of Muller cell. Retina of goldfish 
X 114,000. 
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Rash, 1977). The astrocytic membrane is unusual in having many 
more of the assemblies per unit area of membrane except for the 
parietal cells of the stomach, where the assemblies also appear 
to be densely packed (Bordi and Perrelet, 1978). 


The assemblies are composed of protein. Astrocytes derived 
from 5-7 day old rats have been kept in vitro and exposed to 
cycloheximide, an inhibitor of protein synthesis. Within 3 hours 
of exposure, the assemblies disappeared although background 
particles and particles belonging to gap junctions were unaffected 
in the same fracture face (Anders and Pagnavelli, 1979). The 
assemblies, at least in the astrocytes of young rats, consist of 
protein with what is apparently a high turnover rate. 


The assemblies reflect the degree of differentiation of astro- 
cytes and appear first in glial cells of rat fetuses between 19 
and 29 days of age and do not reach the numbers characteristic of 
adult animals until approximately the 40th day postpartum (Anders 
and Brightman, 1979). The astrocytic membrane thus matures by a 
continual addition of assembly subunits and background particles. 
Initially, most assemblies consist of four subunit particles to 
which more subunits accrue with time until the assemblies form 
larger squares and rectangles. 


The numbers and area of membrane occupied by assemblies differ 
consistently from region to region. It had been noted that astro- 
cytes lining fluid compartments, i.e. subpial and perivascular cells, 
contain more assemblies than do those astrocytes that are satellite 
to neurons (Landis and Reese, 1974). Assemblies within the ubpia 
or glia limitans astrocytes have a mean,area of 0.0019 per um 
membrane face with a range of 0.9004 um@ to 0.0024 um The per 
of assemblies in the glia limitans of the medulla (469- 595 um 13 
consistently greater than that of the cerebral cortex (185- Ne um“) 
(Anders and Brightman, 1979). In all regions examined, the subpial 
end-feet were most densely packed with assemblies which decreased 
ijn number in the underlying astrocytic processes. The consistently 
greater number of assemblies in the glia limitans affords a base- 
line for future comparisons after exposing glial cultures to various 
agents. 


A striking change in the arrangement of assemblies is brought 
about in reactive astrocytes. A subtle gliosis, one confined to 
a discrete area, has been induced subpially by transplanting frag- 
ments of superior cervicle ganglion to the brain surface of young, 
6 to 10 day old rats (Rosenstein and Brightman, 1978). The manginal 
astrocytes responded by emitting excrescences into the cerebro- 
spinal fluid, while the underlying astrocytic processes formed 
parallel sheets. The result was a thickened glia limitans in which 
the deeper, parallel layers contained more assemblies than the 
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deeper layers of non-reactive astrocytes in the glia limitans. 
Within the excrescences, assemblies were no more numerous than in 
"vesting" marginal astrocytes, but the assemblies now became aligned 
linearly as long trains. The trains were often arranged as parallel 
rows along the circumference of the excrescences. The functional 
import of this alignment or of the assemblies themselves is unknown. 
It is conceivable that the alignment may be imposed by the decreased 
radius of curvature of a narrow excrescence, yet the flat peri- 
vascular astrocyte of normal rats likewise contain rows of assem- 
blies, albeit far fewer. If the radius were a determinant, than it 
should be just as likely for some subunits to form square assemblies 
in addition to linear ones. However, only linear arrays appear 

to be formed. These experiments have established the numbers, area 
and configuration of assemblies in selected astrocytes so that 
changes in any of these parameters should be recognizable after 
exposure to different agents. Such changes might provide clues 

as to whether the assemblies are involved in modulating the compo- 
sition of the extracellular fluid in the brain and, perhaps. other 
organs as well. 
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CEREBROVASCULAR PERMEABILITY IN THE NORMAL BRAIN AND FOLLOWING 


OSMOTIC OPENING OF THE BLOOD-BRAIN BARRIER 


Stanley I. Rapoport, M.D., Laboratory of Neurosciences 
National Institute on Aging, Gerontology Research Center 


Baltimore City Hospitals, Baltimore, Maryland 21224 


SUMMARY 


Cerebrovascular permeability of nonelectrolytes and organic 
electrolytes is directly proportional to the octanol/water parti- 
tion coefficient of these substances, as was determined by a new 
method of compartmental analysis which is sufficiegtly sens}tive 
to examine permeability coefficients as low as 1? cm sec Gisex 
sucrose permeability) or as high as 10 cm sec (i.<e., antipyrine 
and caffeine permeabilities). In the latter case, cerebral blood 
flow must be taken into account to correct for extraction of tracer 
during its passage through the brain. The compartmental analysis 
method was employed in conscious rats, when radiotracer was injec- 
ted i.v. as a bolus and tracer entry into the brain was analyzed in 
terms of a permeability coefficient and cerebral distribution vol- 
ume. The proportionality between cerebrovascular permeability and 
octanol/water partition coefficient suggests that substances enter 
the brain by dissolving in the lipoid membranes of the continuous 
cerebrovascular endothelium (blood-brain barrier) and not by passing 
through aqueous pores within the endothelium. In order to overcome 
permeability limitations to intravascular water-soluble compounds, 
furthermore, it is possible to open the blood-brain barrier by in- 
fusing, into the carotid artery, a hypertonic solution of a water- 
soluble solute such as arabinose. Physiological and ultrastructural 
evidence indicates that osmotic opening of the blood-brain barrier 
is mediated by widening of tight junctions between cerebrovascular 
endothelial cells. In the rat, osmotic barrier opening occurs a- 
bruptly at a threshold arabin ge concentration of 1.6 molal, and at 
an infusion time of 20 sec. C-sucrose permeability is increased 
10-20 fold by osmotic treatment, but the increase disappears 
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within about 1 hr. Brain edema and stimulation of cerebral glucose 
consumption follow osmotic treatment, and also disappear without 
resultant evidence of long-term brain damage. Osmotic barrier 
opening has proven useful for allowing normally-excluded substances 
into) the brain’. 


INTRODUCTION 


The blood-brain barrier at the cerebral vasculature (Fig. l, 
left) is composed of a continuous layer of endothelial cells that 
are connected by tight junctions (zonulae occludentes), close in- 
tercellular connections that prevent intercellular diffusion of 
water-soluble nonelectrolytes, ions and proteins. Vesicular trans- 
port furthermore is minimal at the cerebrovascular endothelium. 
Thus, the layer as a whole has properties of an extended lipoid 
cell membrane, and is permselective for lipid-soluble as compared 


to water-soluble substances (Reese and Karnovsky, 1967; Rapoport, 
1976a). 


PLASMA MEMBRANE 
ENDOTHELIAL CELL 


TRACER 


TIGHT JUNCTION 


Figure 1. Model for normal cerebral capillary (left) and for 
osmotic barrier opening by widening of interendothelial tight 
junctions. It is suggested that, when endothelial cells shrink 
in a hypertonic environment, their membranes stress tight junc- 
tions and make them permeable to intravascular tracer. From 
Rapoport (1976a). 


The selective permeability of the barrier to lipid-soluble 
drugs qualitatively explains different rates of drug passage from 
plasma to spinal fluid and brain, and may account for observed cor- 
relations between therapeutic effectiveness of centrally acting 
drugs and lipid solubility (Brodie et al., 1960). For example, 
the central effectiveness of a series of barbiturates, hydantoins 


CEREBROVASCULAR PERMEABILITY IN THE NORMAL BRAIN 83 


and imides increases with lipid solubility (Millichap, 1963; 
Rapoport, 1976a; Rapoport, 1980). 


Lipid-soluble agents rapidly equilibrate between brain and 
blood. It is not difficult therefore to estimate their brain con- 
centrations from their plasma levels, once a steady state brain/ 
plasma measurement has been made in an animal model. On the other 
hand, the intensity and time course of a central response to a 
poorly permeant, more water-soluble drug may not be related simply 
to the plasma level, because of restricted blood-brain exchange 
and limited intracerebral distribution (Rapoport, 1976a; Davis et 
al., 1978). For such drugs, it is important to know which factors 
quantitatively determine their rates of entry into and their dis- 
tribution within brain tissue. 


We approached this question by first establishing an empirical 
relation between cerebrovascular permeability and the octanol/water 
partition coefficient for different substances, and then by consid- 
ering how drugs distribute within the brain parenchyma. I have pre- 
sented an extended model of blood-brain exchange that explicitly 
takes into account transfer at the cerebral capillary, loss of ma- 
terial from brain to cerebrospinal fluid, and intracellular seques- 
tration, binding or metabolism (Rapoport, 1980). In the following 
discussion, however, I shall consider a simplified two-compartment 
model that has been used to experimentally examine blood-brain bar- 
rier permeability and intracerebral drug distribution in short- 
term studies in conscious rats. 


CURRENT METHODS TO MEASURE CEREBROVASCULAR PERMEABILITY AND 
' BLOOD-BRAIN EXCHANGE 


Current techniques to measure cerebrovascular transfer in 
animal experiments are useful for substances that enter the brain 
rapidly, but not at a moderate or slow rate. Excluding the method 
of compartmental analysis, four major techniques are presently em- 
ployed -- the Indicator Dilution technique, the Single-Injection 
External Registration technique, the Brain Uptake Index technique 
and the Concentration Profile Analysis technique (Rapoport, 1976a; 
Crone, 1963; Raichle et al., 19/76; Oldendorf, 1971; Patlak and 
Fenstermacher, 1975). These techniques have several limitations. 
None provides accurate pergeability coefficients, P, of poorly-pene- 
trating compounds (P = 10 EOmO em sec ) such as peptides, L- 
glucose, mannitol, sucrgse or methotrexate, or of rapidly penetra- 
ting compounds (P =-10 ‘cm sec ') like antipyrine and caffeine. 

All apply to the brain as a whole but not to specific brain regions. 
They require that cerebral blood flow be known, and are inaccurate 
if pathological or altered physiological conditions cause flow to 
change (Ohno et al., 1978). 
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CEREBROVASCULAR PERMEABILITY AND LIPID SOLUBILITY IN CONSCIOUS 
ANIMALS 


The method of compartmental analysis was used to measure 
cerebrovascular permeability and cerebral distribution volume of a 
number of different substances in conscious rats (Ohno et al., 1978; 
Rapoport et al., 1978, 1979). Conscious rather than anesthetized 
animals were used to be certain of consistent regional cerebral 
blood flows. Flow must be known in order to calculate regional 
cerebrovascular permeability of lipid-soluble substances. 


A radiotracer was injected i.v. as a bolus. Femoral artery 
plasma radioactivity was measured and fit by least squares with the 


2.23 uCi “C—MANNITOL, I.V. 


250 


CONCENTRATION, 
REGION DPM/G* AT 20 MIN 
Plasma 23309 DPM/mli 
Whole blood 13668 DPM/ml 

200 Pineal gland 11938 
2 Pituitary gland 384 
° Olfactory bulb 13A5 
x Caudate nucleus 1291 
E Hippocampus 1241 
= Gray matter 1435 
eS White matter 846 
= 150 Hypothalamus + Thalamus 1099 
fe) Colliculi 1356 
= Cerebellum 1008 
= Pons 935 
Z Medulla 1164 
9 Frontal lobe 1181 
9 100 Occipital lobe 1224 
$ * Corrected for blood content 
Yn 
=] 
a 

50 BRAIN OUT 

534000 e-8-1t + 41530 e -9-341t + 46072 @-0.0328t 
0 


5 10 15 20 
TIME AFTER INJECTION, min 


Figure 2. Plasma concentration of ee CUneane tor following 
intravenous injection, and regional brain concentration 20-min 
after injection. The curve is a fit of Eq. 1 to the data points, 
with t in min. From Ohno et al. (1978). 
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following equation, where C dpm/ml = concentration of unbound 
tracer in plasma, a. (dpm/m?} “and 90. (sec) are constants, 

t = time (sec) and ai = 3-4 (Knott and Shraeger, 1972; Ohno et al., 
1978, Rapoport et al., 1979), 


n 
= -a.t 
Cart a i aa Z (1) 
al 
Fig. 2 ifjustrates a typical plasma curve following an i.v. injec- 
tion of C-mannitol, and gives constants for the best fit of Eq. 1 


to the data (Ohno et al., 1978). 


In the absence of cerebral binding, intracellular sequestration 
or brain metabolism (factors taken into account in another publica- 
tion (Rapoport, 1980)), brain uptake is given as follows, where _ 

ee dpm/g = parenchymal (extravascular), congentration, P cm sec 
=" Gérebrovascular permeability, A = 240 cm’/cm (or cm) (capillary 
surface area) (Crone, 1963), C dpm/ml = mean concentration 
in cerebral capillaries, and V E-.e?Bbral distribution volume of 
tracer, 


d /dt = PA(C 


Dieeecapr. i Corain 


/V) (2) 


Cen 


ee is related as follows to the measured arterial pjasma 
concentration and measured regional cerebral blood flow F (sec ) 
(Patlak and Fenstermacher, 1975), 


nose er -PA/F 
Co cap. PA MC oe Covatn! *) CLsaae es Cipaine. >> 
ome iB approximates C ane IN SS WA Sho@ag Te dintemIle peeves 
is extracted from the capillary, but is less than C if extraction 


is high because permeability is_hayge. Substituting fq. Sento 
Eq. 2 gives, where M=F (l-e ; 


Oe ain aie (Cre 


/V) (4) 


t praia 


Thus, brain accumulation is proportional to the concentration 
difference between arterial plasma and brain, multiplied by a factor 
M which is less than PA to the extent that tracer is extracted dur- 
ing its passage through the cerebral capillary. Substituting Eq. 1 
into Eq. 4, and integrating to time T of decapitation, gives 


C . (T) in terms of two unknowns M (or PA) and V, 
brain 
OMA. -0,T _-MT/V 
Chrain'D Sia ee BE are ) (5) 
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PA alone can be obtained simply from experiments that are 
limited to short times after i.v. injection of tracer, when 

ey aca . In this case back diffusion from brain to plasma 
oegubele So ee eee : 
is negligible’ in Eq. 4 and that equation is integrated to give, 


aL 
PA = elena Clio CoD (ESC. dt) (6) 
For paorly penetrating substances, furthermore, 
C. in) of Coe dt SO Eq. 6 then becomes simplified to give PA 
in’ ferms of mé@asured brain concentration at T and the integrated 
arterial plasma concentration, 


G 3 
PA a oes (7) 


gp Oar est 


Table 1 presents blood flows F and blood volumes in different 
brain regions of conscious rats (Ohno et al., 1978, 1979). F was 
used in Eqs. 5 and 6. Intravascular radioactivity was calculated 
as: Regional Blood Volume (ml/g) x Whole Blood Concentration (dpm/ml). 

was calcu}ated as net tissue radioactivity minus intravascular 
brain ie : : : 
radioactivity. mic was obtained, when necessary, by integrating 
the plasma concentration curve. 
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10+ 
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Figure 3. Relation between cerebrovascular permeability and 


octanol/water partition coefficient for different substances. 
Data are from Rapoport et al (1979). 
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Table 1. Regional cerebral blood volume and blood flow in 
conscious rats. Data are from Ohno et al. (1978, 1979). 


Blood volume Blood flow (F) 
Brain region ml JL x 100 Bie 

Olfactory bulb 4.68 ! 0.23 (4)° OZOR a) 0.00165 (6) 
Caudate nucleus L244) OV2> 0.030 + 0.0031 
Hippocampus OL *Os 16 002312070027 
Frontal lobe 2.09 -& 0.04 0.028 + 0.0048 
Occipital lobe 2.42 + 0.26 0.030 + 0.0049 
Thalamus + Hypothalamus news 2 lesen) 0.025 + 0.0028 
Superior colliculus 0.028 + 0.0028 
Inferior colliculus Fg ge ow 0.034 + 0.0042 
Cerebellum S40 10S 26 O.0L72 + 0-0019 
Pons 2 DORE OeZ, O07 ee0 50020 
Medulla See) ce aw ge) 0202053400022 
Gray matter, parietal Z./0°+ 0.40 0.040 + 0.0061 
White matter AB Mies Ong A 0019s 0.0023 


“Mean + S.E.M. (number of animals). 


Eq. 5 or 6 was fit to data for different nonelectrolytes and 
organic electrolytes, so as to estimate individual values of PA and 
We, alates. 8! illustrates that P, which was calculated by dividing PA 
by A = 240 cm” (Crone, 1963), is directly related to the 
octanol/water partition coefficient. The relation indicates that 
substances penetrate the blood-brain barrier mainly because of 
their lipid solubility, although deviations from the regression 
line show that permeability is determined as well by such factors 
as size, steric and electronic configuration and interaction with 
the cell membrane (Rapoport et al., 1979). 


Membrane permeability should depend directly on the oil/water 
partition coefficient if transfer occurs by simple diffusion through 
an aporous lipoid membrane (Collander, 1937; Davson and Danielli, 
1943). The relation in Fig. 3, which is consistent with this theory, 
occurs as well at lipoid membranes of single cells. Furthermore, 
cerebrovascular permeability of different agents is quantitatively 
like that at membranes of single cells and at aporous bimolecular 
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lipid membranes. These facts suggest that intravascular drugs 
enter the brain by dissolving in and diffusing through lipoid 
endothelial cell membranes of cerebral capillaries, without passing 
through aqueous membrane pores or interendothelial tight junctions 
(Rapoport, 1976a; Ohno et al., 1978; Rapoport, et al., 1979). 


OSMOTIC OPENING OF THE BLOOD-BRAIN BARRIER 


The known relations between central effectiveness of drugs in 
a homologous series and lipid solubility (e.g., Rapoport, 1976a) 
have stimulated efforts to synthesize lipid-soluble drugs that can 
easily enter the brain. In some cases, however, as with methotrex- 
ate and its esters, the lipid-soluble derivatives have not proved 
more effective against brain tumors than the poorly-permeable water- 
soluble parent compound (Johns et al., 1973). In other cases, crit-— 
ical brain enzymes that are genetically absent, yet might be effec- 
tive when allowed into the brain, cannot be altered enough to allow 
them to diffuse through the blood-brain barrier (Barranger et al., 
1979). One possible approach to therapy of brain disease in these 
cases is to reversibly modify cerebrovascular permeability, so as 
to allow the water-soluble parent compound into the brain. 


The cerebrovascular endothelium can be made permeable to nor- 
mally excluded proteins and solutes by infusing a hypertonic solu- 
tion of a poorly lipid-soluble solute into the internal carotid 
artery. In this section, I will present physiological and ultra- 
structural evidence that indicates that the permeability increment 
is caused by osmotic shrinkage of endothelial cells and widening of 
tight junctions. 


Tight junctions between cells are networks of fibrillar strands 
that limit intercellular diffusion. In epithelial tissues, osmotic 
or hydrostatic pressure stresses can alter structure and permeabil- 
ity of these junctions by physically deforming them (Ussing 1971; 
reviewed by Rapoport 1976). A model which can account for osmotic 
opening of the blood-brain barrier, based partially on these obser- 
vations, is illustrated in Fig. 1. Its premise is that tight junc- 
tions between cerebrovascular endothelia are also distorted and made 
permeable when endothelial cells shrink in hypertonic solutions. 


The model is consistent with the following evidence: (a) os- 
motic thresholds (minimal osmolal concentrations), both for opening 
of the blood-brain barrier and for shrinkage of single cells, in- 
crease with increasing solute lipid solubility, (b) osmotic barrier 
opening is reversible, (c) osmotic opening produces observable trans- 
fer of intravascular protein (exogenous horseradish peroxidase) be- 
tween cerebrovascular endothelial cells and not through them (M. W. 
Brightman, K. Zis and S.I. Rapoport, this Symposium), (d) osmotic 
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opening may be graded with respect to the size of penetrating mole- 
cule. Reversible graded barrier opening that follows the rules of 
osmotic cell shrinkage would not be expected if endothelial cells 
were irreversibly damaged, or if vesicular transport were stimulated 
so as to increase barrier permeability. 


TEST OF MODEL FOR OSMOTIC BARRIER OPENING 


Overton (1895) and Collander (1937) showed that single plant 
or animal cells shrank reversibly when placed in a hypertonic solu- 
tion of a lipid-insoluble solute. Shrinkage by equiosmolal solu- 
tions of non-electrolytes which were slightly lipid-soluble declin- 
ed when lipid solubility increased. Cell membranes appeared im- 
permeable to lipid-insoluble solutes, allowing water but not the 
solutes to pass, and slightly permeable to somewhat lipid-soluble 
solutes. It seemed reasonable to suppose that cerebrovascular endo- 
thelial cells also would shrink in hypertonic solutions as a function 
of solute lipid solubility, and that tight junctions between the 
cells might widen as illustrated in Fig. 1. 


To test this hypothesis, hypertonic solutions of solutes with 
different lipid solubilities were applied to the arachnoid surface 
of the rabbit or cat brain for 10 min and were then removed 
(Rapoport 1970; Rapoport et al. 1972). Barrier opening was studied 
by evaluating the pH response at the arachnoid surface to an intra- 
venous injection of NaHCO, (a measure of barrier integrity to ions), 
or by determining the minimal osmolal concentration (threshold os- 
molality) that produced extravasation of blood-borne Evans' blue- 
albumin from pial vessels. In the latter experiments, reversibility 
of opening was determined by injecting Evans' blue intravenously 30 
min after, rather than before, a threshold osmolality had opened the 
barrier at the arachnoid surface. 


The results are summarized in Table 2, where test substances 
are ranked according to their octanol/water partition coefficient, 
a measure of lipid solubility. Osmolal thresholds at the barrier 
site (presumably at the vascular endothelium) were estimated by 
taking into account differences in diffusion at the pia-arachnoid 
membranes. 


The data in the table support the interpretation that hyper- 
tonic solutions open the barrier by shrinking endothelial cells, as 
illustrated in Fig. 1. Electrolytes, and non-electrolytes less 
lipid-soluble than propionamide, opened the barrier reversibly. 

More lipid-soluble solutes acted irreversibly, probably by destroy- 
ing endothelial cell membranes. The table also shows that osmolal 
thresholds of the reversibly acting solutions increased with in- 
creasing lipid solubility, as expected from the inverse relation be- 
tween lipid solubility and shrinkage of single cells by hypertonic 
solutions (Overton 1895; Collander 1937). 
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Table 2. Effect of topically applied concentrated solutions on 
blood-brain barrier in the rabbit. 


Octanol/water Reversibility pepeebere 
Substance ae : osmolality 
partition of opening ree 

ball - Yes 0.87 
Na,S0O, - Yes 0.82 
NaCl - Yes IEAe 
Sucrose 0.0002 Yes ibe Je 
Glucose 0.0005 Yes 1.0 
Urea 0.0016 Yes Le. 
Glycerol 0.003 Mas Del 
Lactamide 0.005 Yes - 
Ethylene glycol Om OueZ No = 
Methyl urea 0.016 Yes DL sel 
Formamide ORO02 Yes Die9 
Propylene glycol OF 039 No - 
Acetamide W555 Yes 365 
Propionamide 0.16 Yes Biz: 
Cyanamide 0.16 No - 
Methanol 0.20 No = 
Ethanol 0.48 No - 
Methyl carbamate 0.50 No - 

Ethyl carbamate OR No - 


“thresholds relative to NaCl threshold = 1. 
A solution was applied to a cortical region for 10 min, then removed. 
Intravascular Evans’ blue-albumin was used as a barrier tracer. The 
osmolal threshold for barrier opening was calculated from the sur- 
face osmolality by taking into account diffusion through the pia- 
arachnoid. Reversibility of opening indicates that the barrier 
closed 30 min after arachnoidal application of a threshold concen- 
tration of a particular solute. Solutes are ranked according to 
their octanol/water partition coefficients. Data are from Rapoport 
Lea Cho Nr. 
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The topical observations in Table 2 were extended to vessels 
within the brain by infusing hypertonic solutions into the carotid 
artery of different species (Fig. 4) (Thompson 1970; Rapoport et al. 
1972; Studer et al. 1974; Rapoport 1976a). Patterns of reversible > 
and irreversible opening held at intracerebral vessels just as they 
did at the pial vasculature. Intracarotid infusion of hypertonic 
solutions of lactamide or urea opened the barrier reversibly on the 
hemisphere homolateral to infusion, whereas hypertonic solutions 
of propylene glycol or ethanol acted irreversibly. 


catheter 


Int. carotid art. 


Ext. carotid art. 


\ 


Com. carotid art. 


Figure 4. Brain perfusion via a catheterized external carotid 
artery in the rat. From Rapoport (1978). 


ULTRASTRUCTURAL STUDIES, REVERSIBILITY AND THRESHOLDS FOR 
OSMOTIC BARRIER OPENING 


Electron microscopic studies in rats and rabbits confirmed that 
hypertonic solutions of water-soluble solutes, whether infused into 
the carotid artery or applied to the brain surface, increased cere- 
brovascular permeability by opening interendothelial tight junctions. 
Carotid artery infusion of 2M to 3M urea, of Hypaque 50 (a hyper- 
tonic contrast medium employed in cerebral angiography), and of 
1.6 molal arabinose or mannitol, allowed intravascular horseradish 
peroxidase into the brain via interendothelial tight junctions 
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(Fig. 5) Brightman et al. 1973; Sterrett et al. 1976; Nagy et al. 
1979; M. Brightman, K. Zis and S.1. Rapoport, in Brightman, this 
Symposium). Reaction product did not flood vascular endothelial 
cells and pinocytosis was not stimulated. 


Figure 5. Opening of tight junctions between cerebrovascular 


endothelial cells to horseradish peroxidase tracer after intracaro- 
tid infusion of 3 M-urea in the rabbit. Peroxidase was administer- 
ed intravenously before infusion, and the animal was killed 90 sec 
after infusion. The tracer was washed from the capillary lumen (L) 
during fixation. Reaction product is present along the interface 
between endothelial cells, in the gaps between tight junctions (TJ) 
and in the basement membrane (BM) (X 88 000).: From Brightman et 
allo IO7Sy- 


Hypertonic arabinose infusion appears to increase the number 
of endothelial pinocytotic vesicles that contain reaction product 
of horseradish peroxidase. Transendothelial vesicular transport 
is not stimulated, however, because the vesicles are found in brains 
that have been infused in situ with concentrated glutaraldehyde be- 
fore the intravascular administration of horseradish peroxidase. 
Glutaraldehyde fixation stops vesicular transport (Westergaard & 
Brightman 1973). It remains possible that the vesicles contribute 
to channels that are 'frozen' in situ by glutaraldehyde fixation. 
(cf. Sterrett et al. 1976; Simionescu et al. 1975). 
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Different extents of tight junctional widening could account 
for the observed gradation of opening with respect to the size of 
test molecule (Table 3) (Rapoport, 1970, Thompson 1970; Studer et al., 
1974). For example, carotid infusion,in the rat of a 1.2 molal su- 
guese solution opens the barrier to Na but not to the larger 
I-labeled albumin molecule, whereas a 4.2 molal sucrose solution 
opens the barrier to both tracers. 


Table 3. Brain spaces of tracers injected intravenously in rats 
after infusion of different solutions into internal carotid artery. 


Be iapelied albumin aa space X 10° 
Infusate space X 10 
30 _min® 4h 30 min 4h 
Control dig HS} is 73 10.8 10.8 
Isotonic saline esol! MS WS) LEGO aS) 
Sucrose, 4.2 mol/kg a5” 1.66 19 Ane igh 6 
Sucrose, 1.2 mol/kg A Re doll 17eoe 2 


ante 

Time after infusion, 

Significantly different from control (P< 0.05). 
The brain space is the ratio of brain concentration to blood 
concentration. Data are from Studer et al. (1974). 


In order to further apply the osmotic method to studies of 
brain pharmacology, we thought it useful to quantitatively define 
critical thresholds of infusion time and infusate concentration that 
are required to open the blood-brain barrier, as well as the time 
course and reversibility of such opening. We used the method of 
compartmenfal analysis (see above) to study cerebrovascular permea- 
TULLE? Cone C-sucrose in control and experimental animals (Rapoport 
et al. 1978, 1980). In the rat, significant barrier opening was 
produced by 30 sec of infusion, into the carotid circulation via 
the external carotid artery (Fig. 4), of 1.6 molal but not of 1.4 
molal arabinose solution. A 1.8 molal solution had no marked 
further effect (Fig. 6). Thus the concentration threshold for bar- 
rier opening was very sharp, between 1.4 and 1.6 molal arabinose. 


The infusion duration threshold also was abrupt. At an arabi- 
nose concentration of 1.6 molal, 20 sec but not 10 sec of carotid 
infusion significantly increased cerebrovascular permeability to 

C-sucrose, by a factor of about 20 above normal permeability. A 
minimum time threshold of 10 to 20 sec could explain why X-ray con- 
trast agents do not produce brain damage when used clinically in car- 
otid angiography, despite the facts that their osmolality approaches 
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1.6 osmol and they can open the barrier in animals when infused into 
the carotid artery for 30 sec. In carotid angiography, however, they 
are infused for 5 sec or less, far below the infusion time threshold 
for osmotic opening (Nomura, 1970; Rapoport, et al., 1974). 
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ARABINOSE CONCENTRATION, molal 


jgure 6. Cerebrovascular permeability-area product (PA) for 

C-sucrose, at right hemisphere regions, to concentration of 
arabinose infusate. Arabinose or isotonic saline solution was in- 
fused into the right ca Otldmanrtenry: ((hionec)) tore F0MsSeen use Amwas 
measured by injecting C-sucrose i.v. 5 min thereafter, and kill- 
ing the animals 10 min after tracer injection (Eq. 7). Bars are 
means + S.E.M., and number of experiments at a given concentration 
are noted. Asterisk (*) signifies significant difference (p <0.05) 
from regional PA following isotonic saline infusion (left side of 
figure). From Rapoport et al. (1980). 


Infusion of isotonic saline solution for 30 sec, at the same 
rate (0.12 ml/sec) and under the same conditions as 1.6 molal arab- 
inose infusion, had no effect on cerebrovascular permeability to 

C-sucrose. Thus, carotid hypertension during the infusion proce- 
dure did not produce a barrier effect (Fig. 7, below). Hypertensive 
barrier breakdown will occur if carotid artery pressure is elevated 
in the rat to 150-160 mm Hg (Rapoport, 1976b), whereas a mean pres- 
sure of only 125 mm Hg is produced during carotid infusion at a rate 
of 0.12 ml/sec in the rat (Rapoport et al., 1980). 
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Pieere J Reversibility of osmotic barrier opening. 1.6 molal 


arabinose solution wag , infused into the right external carotid ar- 
tery for 30 sec, and  C-sucrose was injected at designated times 
thereafter. Animals were killed 10 min after tracer was injected, - 
and the cerebrovascular permeability-area product, PA, was calcula- 
ted by Eq. 7. Bars are means + S.E.M., and number of experiments 
are noted. Asterisk (*) signifies significant difference (p < 0.05) 
from regional PA in uninfused controls. From Rapoport et al. (1980). 


With the com artmental method of measuring cerebrovascular 
permeability to ~ C-sucrose, we were able to quantitatively describe 
the time course of the osmotic effect and to demonstrate its reversi- 
bility (Rapoport et al. 1980). As illustrated by Fig. 7, the maxi- 
mum increase in the product of cerebrovascular permeability and cap- 
illary surface area (PA) occurred within the first 15 min following 
carotid infusion of 1.6 molal arabinose solution, but permeability 
was approximately normal at 1 hr. Regional PA following isotonic sa- 
line infusion did not differ significantly (p > 0.05) from respective 
regional PA in uninfused animals. The data in Table 3 also indicate 
that the osmotic effect is reversible. 
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Reversible barrier opening without neurological sequelae or 
obvious brain damage or edema can be produced in rhesus monkeys 
and baboons that are infused, via a catheterized lingual artery, 
with 3 molal urea or 2.5 molal lactamide solution, and in rats 
infused with 1.8 molal arabinose solution (Fig. 4). Measurable, 
long-term brain damage associated with the osmotic procedure is 
prevented if the cerebral circulation is not permanently compro- 
mised, if cerebral oxygenation is maintained to counteract effects 
of possible apnea or bradycardia due to hypertonic infusion, if 
filtered solutions of purified solutes are used for infusion, and 
if carotid hypertension is prevented (Rapoport & Thompson 1973; 
Rapoport 1967a,b; Rapoport et al. 1980; MacKenzie et al. 1976; 
Pickard et al. 1977; Chiueh et al. 1978). 


oO 
= 
Le SYMBOL SOLUTION 
2 10  ] 0.9 % NaCl 
sy ; 4 1.4m ARABINOSE 
He fo) 1.6 m ARABINOSE 
K e 1.8 m ARABINOSE 
a 0.5 
i 
<=) 
c ee 
Qe ———_________ 


0 1 2 4 6 8 
DAYS AFTER CAROTID INFUSION 


Figure 8. Difference in % water between right and left hemi« 
spheres, following right-sided carotid infusion of hypertonic arab- 


inose and isotonic saline solutions. Points are means + S.E.M. 
(10 animals). Asterisk (*) designates significant value (p < 0.05). 


Transient cerebral changes do occur if osmotic barrier opening 
is produced in conscious rats. Regional cerebral glucose consump- 
tion is stimulated, as measured by the 2-deoxy-D-glucose technique 
(Pappius et al. 1979). Blood flow may be reduced, which indicates 
that the normal coupling between blood flow and metabolism is dis- 
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rupted. Finally, brain water transiently increases by 1-1.5% on 
the osmotically-perfused hemisphere (Fig. 8). The basis for this 
vasogenic edema, as well as its mode of resolution, has been dis- 
cussed in detail elsewhere (Rapoport 1978). 


The cerebral changes that are associated with osmotic barrier 
opening are transient, and disappear within hours after osmotic 
treatment. The absence of long-term brain damage indicates that the 
osmotic method may be useful for studying central effects of drugs 
that normally are excluded from the brain, and as an adjunct to 
chemotherapy of central nervous system disease (Barranger et al. 
1979; Neuwelt et al. 1979). E.A. Neuwelt and colleagues (unpub- 
lished observation) have demonstrated recently that osmotic bar- 
rier opening can be accomplished in man, with an aim to treat 
metastatic brain tumors, without producing evidence of long-term 
neurological sequellae. 
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Studies on the blood-brain relationship have yielded evidence 
that the rates of exchange and the concentrations in the brain at 
steady state for many substances are quite different from those in 
other organs. These differences reflect a distinct set of permeabi- 
lity characteristics at the blood-brain interface, thus originating 
the concept of a blood-brain barrier (BBB). 


Although the term BBB implies an impermeable barrier between 
blood and brain, it must be permeable to some solutes in blood be- 
cause some drugs (such as barbiturates) have an instantaneous ef- 
fect on brain function and because the brain is metabolically active 
and must receive its substrates from blood. The BBB is more correctly 
thought as selectively permeable rather than impermeable. 


As regards the posterior segment of the eye and, particularly, 
the retina, two early studies (appearing in 1913 and 1947 by Schnau- 
digel (1) and Palm (2) respectively) repeated the classical work of 
Goldmann (3) in the brain, showing that trypan blue injected intra- 
venously induced a blue staining of all tissues with the exception 
of the brain and retina. These two studies, however, had little im- 
pact on the ophthalmic literature and, until 1965, most textbooks 
considered the permeability of the retinal vessels to be comparable 
to that of other vessels on the body. 


It was only in 1965 that the effect of histamine on the permea- 
bility of the ocular vessels was examined by Ashton and Cunha-Vaz (4) 
using the technique of vascular labeling of Majno and Palade (5). 
Histamine markedly increased the vascular permeability of the various 
ocular tissues except for the retina. This behavior of the retinal 
vessels, in clear contrast to almost every other vessel of the body, 
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was similar only to that of the cerebral vessels, a finding which 
pointed to the existence of a barrier in the retina similar to the 
BBB. Subsequent research has confirmed the existence of a blood 
-retinal barrier (BRB). 


The introduction of the concept of the BRB into the ophthalmic 
literature excited much interest, as evidenced by a series of re- 
ports studying its basic mechanisms (6). This interest was supported 
by the development and widespread use of fundus fluorescein anglo- 
graphy (7), a clinical method that has documented the importance of 
the BRB in retinal disease. Angiography, a qualitative technique, 
has recently been extended by the use of quantitative vitreous fluo- 
rophotometry, which can assess the degree of breakdown of the BRB 
(8, 9). Abnormal functioning of the BRB is now widely accepted as 
one of the most important factors in development of retinal vascular 
disease and macular pathology, two of the most significant causes 
of blindness (10). 


Finally, although the anatomical location of the BRB and many 
of its transfer characteristics are now better understood, the te- 
leology of this unique system is not at all clear. Certain advantages 
to retinal function are apparent, but their relative importance is 
quite unknown. An attempt will be made here to define certain of the 
unique structural features of the BRB, to establish its selective 
permeability, and, finally, to speculate upon its teleology and its 
possible role in retinal disease. 


I. THE BLOOD-OCULAR BARRIERS (BLOOD-AQUEOUS BARRIER AND BLOOD-RETI- 
NAL BARRIER) 


The situation regarding the sites, mechanisms,and physiological 
significance of solute exchanges between blood and intraocular fluids 
and between the intraocular fluids and surrounding intraocular tis- 
sues is better understood if we consider two main barrier systems 
in the eye (fig. 1). One, regulating exchanges between blood and the 
intraocular fluids and involving a variety of structures, concerns 
primarily the ciliary body and is called the blood-acqueous barrier 
(BAB). Here, inward movements from the blood into the eye predominate. 
Aqueous humor is secreted into the posterior chamber by the ciliary 
processes from where it flows through the pupil into the anterior 
chamber and leaves the eye by bulk flow at the chamber angle by the 
trabecular or uveoscleral routes. There are diffusional solute ex- 
changes between aqueous humor and surrounding tissues, the posterior 
chamber, and the vitreous compartment (11, 13). 


The other, particularly tight, where outward movement from the 
eye into the blood appears to predominate and where penetration into 
the eye of only a few important metabolic products is allowed, is 
called the blood-retinal barrier (BRB). It is responsible for home- 


SITES AND FUNCTIONS OF THE BLOOD—RETINAL BARRIERS 103 


GLLLEL, ALLELEALATA BET NE PEDIATR ET 


j 
y 
Z 


VITREOUS 


Fig. 1. Diagram of the blood-ocular barriers. RET - retina; PC - 
— posterior chamber; AC - anterior chamber. (From ref. 10). 


ostasis of the neuroretina. In the posterior segment it is the only 
well-defined barrier situation. 


The concept of a blood-vitreous barrier is vague, has no mor- 
phological basis, and is, on the whole, untenable. Such a barrier 
is entirely absent in the anterior region of the vitreous where a 
situation of passive diffusion is present between the anterior and 
posterior segments of the eye. There are, therefore, no significant 
selective barriers to molecular markers between the vitreous and the 
posterior chamber on the one hand, and between the vitreous and the 
extracellular space of the retina on the other hand. The vitreous 
humor, appears therefore, to be located between two barriers - the 
BAB anteriorly, and the BRB posteriorly. 


At the level of the optic nerve a situation of barrier is pre- 
sent between the blood and the extracellular space bathing the neu- 
ral tissue, but it appears to bear close resemblance to the BBB. Of 
particular interest is the observation that in the optic nerve head, 
like in the brain, there is a small region where a barrier situation 
is lacking (14). Here, tracers originating from the peripapillary 
choriocapillaries may diffuse into the optic nerve head. It is puz- 
zling why the optic nerve head, interposed between the BRB anteriorly 
and the BBB posteriorly, does lack a barrier. It may explain, how- 
ever, reported observations on a certain degree of fluid flow at 
this level. 
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II. SITES OF THE BLOOD-RETINAL BARRIER 


It should be kept in mind that the retina has two areas of di- 
rect relationship with the blood - namely at the level of the reti- 
nal vessels and at the chorioepithelial interface. 


A. Retinal vessels. The first electron microscopic studies of 
the brain and retina failed to show any differences between these 
vessels and those of the rest of the body that have a continuous en- 
dothelium (15). It was in 1966 that Shakib and Cunha-Vaz (15) found 
that the interendothelial junctions of the retinal vessels were dif- 
ferent from those in other vessels of the body. They were shown to 
represent particularly extensive "zonulae occludentes" which sealed 
the intercellular spaces, apparently surrounding completely the en- 
dothelial interface cells (fig. 2). It has been shown that tissues 
in which the intercellular spaces incorporate extensive and belt 
like areas of close contact offer high resistance to the passage of 
ions (Table 1). Furthermore, the amount of cross-linking in the 


Fig. 2. Small retinal vessel showing a tight junction. An extensive 
zonula occludens is visible all along the junction. The outer leaf- 
lets (OL) of the lateral cell membranes of the adjoining endothelial 


cells fuse into an intermediate line (IL). Uranyl acetate and lead 
citrate stained section x 124,000. 
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areas of cellular contact appears to be responsible for their capa- 
bility to withstand stress (16). It is noteworthy that the tight 
junctions of the retinal vessels were shown to be very stable, much 
more so than the iridial vessels. When the eye was submitted to pa- 
racentesis or when histamine was applied directly to the retina, the 
junctional complexes remained closed and intraluminal particles were 
always arrested at the side of the endothelial cell facing the lumen. 
By contrast, local application of histamine or lowering of the ocular 
pressure by paracentesis opened up the interendothelial junctions 

of the iris vessels, allowing particles to pass easily through the 
interendothelial spaces. These studies led Cunha-Vaz et al. (17) to 
propose that the endothelial cells along with their junctional com- 
plexes are the main site of the BRB, at least for substances like 
thorium dioxide, trypan blue, and fluorescein (figs. 3 and 4). 


“LEAKY” TIGHT JUNCTIONS 


ENDOTHELIAL CELL 
LAYER 


BASEMENT MEMBRANE 


Fig. 3. Diagram of the ultrastructural characteristics of an iris 
capillary. 


TIGHT JUNCTIONS 


ENDOTHELIAL 
CELL LAYER 


BASEMENT 
MEMBRANE 


Fig. 4. Diagram of the ultrastructural characteristics of a retinal 
capillary. 
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These findings have since been confirmed in the brain and re- 
tina using peroxidase as a tracer (18, 19) and with microperoxidase 
(20), which has a molecular diameter of approximately 2 nm. The 
tight junctions of the retinal and cerebral vessels appear to be 
particularly stable, showing characteristics of "non-leaky" tight 
junctions (Table 2). Whereas general capillary permeability is based 
upon molecular size, BRB permeability is based upon quite different 
criteria. General capillaries to allow all small molecules to dif- 
fuse through clefts between endothelial cells and through fenestrae. 
In addition, capillary cell cytoplasm contains numerous pinocytotic 
vesicles, presumably moving large molecules across the capillary 
wall. In the retina these routes of nonspecific exchange are not 
present. The endothelial cells are fused to each other by '"non-leaky" 
tight junctions, no fenestrae are seen, and pinocytosis is virtually 
absent. Furthermore, tight junctions of the "non-leaky" type, pre- 
venting non-selective exchange, establish steep gradients across 
the membrane where they are located and are usually associated with 
active transport mechanisms in the cell membrane. It is of particular 
interest that active transport of organic anions has been shown to 
occur an the retinal vessels G3). 


Additionally, the endothelial cells of the retinal and brain 
vessels appear to be histochemically different from other vascular 
endothelial cells of the body. The endothelium of the retinal and 
brain capillaries appears to be uniquely rich in alkaline phospha- 
tase activity (21, 22), monoamine oxidase (MAO) and DOPA-decarboxi- 
lase (23). 


B. Chorieretinal smterface. 1. Choriocapillaris. The‘ capilla- 
ries of the choroidal layer have structural characteristics which 
are entirely different from those of the retinal vessels. Their en- 
dothelium displays numerous fenestrations which occur preferentially 
in the region of the vessel wall that abuts on Bruch's membrane. 
Electron microscopic studies using a variety of tracer have shown 
that the vessels of the choroid, like those of the ciliary body stro- 
ma, are permeable to macromolecules (17, 19, 24). Trypan blue, fluo- 
rescein and similar substances permeate freely this vascular layer 
of the choroid. In summary, the choriocapillaris does not appear to 
have much significance as regards barrier function. 


2. Bruch's membrane. This membrane, located between the chorio- 
capillaris and the pigment epithelium of the retina, does not obs- 
truct the passage of fluorescein nor of tracers like horseradish 
peroxidase or ferritin (19). Bruch's membrane, like most other vas- 
cular basement membranes, acts as a diffusion barrier only to mole- 
cules of large molecular size. 


3. Retinal pigment epithelium. The retinal pigment epithelium 
is the first cellular layer which opposes the penetration into the 
retina of any substance originating from the choroid. Light micros- 
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copic studies indicated that the penetration of carbon, trypan blue 
and fluorescein from the choroid into the retina stops at the level 
of the retinal pigment epithelium (25). Finally, electron microscopy 
(19, 26, 27) showed that adjacent pigment epithelial cells are united 
by extensive "zonulae occludentes" very similar to the ones previou- 
sly described between the endothelial cells of the retinal vessels 
(fig. 5). These junctional complexes present all the morphological 
and permeability characteristics of the tight junctions of the "non- 
-leaky" type. Ion flux and microelectrode experiments performed on 
isolated frog pigment epithelium demonstrated that the plasma mem- 
brane at the apex and the base of the epithelial cells has a high 
permeability to K+, an "intracellular ion", and a relatively low 
permeability to Na+ and Cl (28), which are "extracellular ions". 


In conclusion, the intercellular spaces in the retinal pigment 
epithelium are firmly closed, most molecular movements being forced 
to take through the more selective transcellular route. 


C. Glia and extracellular space. The glial cells of the brain, 
notably the astrocytes, due to their intimate contact with the ca- 
pillaries, were for a time regarded as responsible for the barrier 
effect. This concept was a consequence of electron microscopical 
observations reporting that the glial processes invested completely 
the capillaries and that there was little extracellular space avai- 


Pi Ds 


Fig. 5. Retinal pigment epithelium. Intravenous administration of 
horseradish peroxidase. The peroxidase stops at an extensive area of 
union between the apposed cellular membranes (ZO - zonula occludens). 
(Uranyl acetate and lead citrate, x 25,800). (From ref. 10). (Reduced 
45% for reproduction.) 
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lable (29). However, refinements in electron microscopic technique, 
the use of tracers, and a series of physiological studies showed that 
these assumptions were not true (30, 31). In a variety of experimen- 
tal situations, particularly when tracer particles have access to 

the extracellular space of the retina by circumventing the barrier 
(e.g., after intravitreal injection), tracer particles were found 

to move freely in the extracellular space and were not restricted 

by the inner and outer limiting membranes. 


A very clear demonstration that the glia does not play a major 
role in barrier phenomena was offered by electron microscopic studies 
of the rabbit retina. In this animal, the retinal vessels lie on the 
surface of the retina, in the vitreous, free from any direct glial 
contact (fig. 6), but a BRB remains present (17). 


In conclusion, the extracellular space of the retina is func- 
tional and cannot be responsible for the barrier effect. It is pos- 
sible, however, that the glial cells play an important role as meta- 
bolic intermediaries between the blood capillaries and nerve cells. 


Fig. 6. Section of a rabbit retinal vessel. The direct contact of 
the vitreous humor with the vessel walls should be noted. Osmium te- 
troxide fixed tissue embedded in araldite. Sections stained with 
uranyl acetate and lead citrate. 
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The BRB is, therefore, located at two levels, forming what may 
be called an outer BRB and an inner BRB. The main structures involved 
appear to be, for the outer BRB, the retinal pigment epithelium, and 
for the inner BRB, the endothelial membrane of the retinal vessels. 
Both these membranes have tight junctions of the "non-leaky" type. 

To traverse the BRB a molecule must pass directly either through the 
retinal endothelial cell or the retinal pigment epithelial cell. It 
must escape from plasma proteins and water, enter the cell membrane, 
escape into and traverse the cytoplasm, and similarly penetrate the 
outer membrane. This transcellular passage probably occurs in general 
capillaries, but is overshadowed by the efficient nonspecific exchan- 
ge routes. 


III. PERMEABILITY CHARACTERISTICS OF THE BLOOD-RETINAL BARRIERS 


The study of the permeability characteristics of a membrane in- 
volves an analysis of the different types of molecular movement which 
take place across its surface. There are two main types of transfer 
across cell membranes - active and passive.Active transfer is defined 
as a transfer or movement against an electrochemical concentration 
gradient. Passive transfer is said to occur when molecules or ions 
are transferred according to the prevailing electrochemical concen- 
tration gradients. 


Present knowledge on diffusion and transport mechanisms of the 
BRB refers generally to both the outer and inner barriers, because 
there is yet no clear information on differences in permeability ra- 
tes between the outer and inner parts of the BRB. 


1. Passive diffusion. In general, after intravenous injection, 
test substances penetrate into the vitreous in minimal amounts, al- 
ways reaching higher values in the anterior vitreous entering from 
the posterior chamber or ciliary circulation rather than through the 
BRB (32). This has been observed with proteins, urea (33), sodium 
(34, 35), potassium chloride (36), phosphate, inulin, sucrose and 
EVentyonc ee (7/)) 


Personal studies in collaboration with David Maurice produced 
the first approximate value for the permeability coefficient of a 
substance at the level of the BRB (17) when the permeability of the 
BRB for fluorescein was examined by slit-lamp fluorophotometry under 
conditions of passive diffusion. The results obtained showed that 
fluorescein, which has a molecular radius of approximately 5.5 R, = 
has a permeability coefficient at the BRB in the outer of 0.14 x 10 
cm sec-!, This value is very different from the values obtained for 
the capillary permeability in other vessels of the body for molecules 
of similar size (38), but comparable to the value obtained by Crone 
(39) for the permeability of the BBB. It is especially interesting 
to compare the value obtained for the permeability of the BRB to 
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fluorescein in a situation of simple diffusion with the value found 
by Davson and Danielli (40) for the cellular permeability to sucrose. 
They are exactly similar. It can be concluded, therefore, that the 
passive transfer at the level of the BRB is extremely restricted, 
nonselective exchange being prevented by the presence of tight junc- 
tions of the "non-leaky" type between adjacent cells. 


The ability of a solute in free solution in plasma to penetrate 
the BBB has been shown to depend upon the relative affinity for plas- 
ma water and the endothelial cell plasma membrane. Sufficiently 1li- 
pid-soluble materials penetrate BBB and these presumably can enter 
the membrane at a nearly infinite number of sites. Also, certain 
lipid insoluble substances, such as glucose, penetrate the BBB, and 
it is presumed that these enter because of the presence in the mem- 
brane of specialized proteins having high-affinity sites specific 
for the transport substances. 


Similarly, the BRB penetration can be considered to be lipid- 
mediated or carrier-mediated. 


2. Lipid-mediated penetration. Studies on the BRB have shown 
that lipid substances penetrate freely into the vitreous after in- 
travenous injection (34) and that their rate of penetration is di- 
rectly related to their oil/water partition coefficient (35). 


The plasma-cell membrane interface can be simulated in vitro 
by an oil-water (nonpolar versus polar) two-phase system. If a ra- 
dio-labeled substance is placed in a bottle, some buffered water and 
oil (such as olive oil)-is added, shaken violently, and allowed to 
separate to oil and water, the concentration in the oil divided by 
the concentration in the water is the oil/water partition coefficient. 
This relative affinity appears to be cru ial, rather than the abso- 
lute solubility of the labeled molecule in either lipid or water. 


3. Carrier-mediated penetration. In the cerebral capillaries 
seven independent carrier transport systems mediating exchange of 
essential substances have been described. They are for glucose (and 
certain other hexoses) short-chain monocarboxylic acids, certain 
neutral aminoacids, basic aminoacids, certain purines, and certain 
nucleosides (41). 


In vitro studies, using the isolated retinal pigment epithelium 
of the frog, found evidence for a net flux choroid to retina of la- 
belled glucose (42, 43). With an "in vivo" method, Dollery et al. 
(44) found evidence for a preferential uptake of D-glucose in the 
retinal tissue in rats, rabbits and guinea pigs. Intravenously in- 
jected labelled D-glucose and L-glucose were followed by determina- 
tions of radioactivities in the tissue at different intervals after 
the injection. 


More recently, Tornquist (45) reported on a carrier~mediated 
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net influx of glucose in the retina across the retinal pigment epi- 

thelium and the retinal capillary wall. The glucose transport system 
in the retinal pigment epithelium showed a stereospecific preference 
for D-glucose. A carrier-mediated net outflux or lactate at both si- 
tes of the BRB has been also demonstrated by Tornquist and Alm (45). 


Similar results have been obtained with aminoacids. The total 
aminoacid concentration gradient that exists between the posterior 
aqueous and the vitreous, and between the posterior and anterior 
segments of the vitreous, clearly indicates that aminoacids are lost 
from the vitreous to the retina. Experiments using a non-metabolized 
aminoacid demonstrated that this is due to an outward oriented amino- 
acid transport system across the BRB. 


4. Active transport by the BRB. Carriermediated BRB permeabi- 
lity to glucose and other metabolic substrates are not necessarily 
energy-dependent, because if the retina is utilizing them, a concen- 
tration gradient will be maintained between plasma and retina and 
no pump mechanism is needed. 


There are, however, substantial ionic gradients across the BRB, 
which cannot be accounted by retinal utilization. Magnesium and po- 
tassium, for example, show such gradients. The Mg++ concentration is 
highest in the posterior vitreous, and naturally in the extracellu- 
lar fluid of -the retina, a-situation which 1s similar to that in the 
cerebrospinal fluid system. Both in the case of the dog and the rab- 
bit, influx of Mg++ across the BRB must take place against a concen- 
tration gradient, i.e., it must represent an active transport pro- 
cess (46). With potassium, the reverse occurs. The highest K+ con- 
centration in the intraocular fluids is found in the posterior cham- 
ber and anterior segment of the vitreous. In the absence of lens, 
the K+ concentration in the vitreous was found to be significantly 
lower than the plasma dialysate value, suggesting that K+ is actively 
transported out of the vitreous across the BRB. 


Certain of the acidic end products of brain monoamines may also 
be transported out of brain since probenecid (which competes with or- 
ganic anion transport) results in an elevation of their concentra- 
tion in cerebrospinal fluid and brain. This mechanism has been stu- 
died at some length in the BRB. The availability of slit-lamp fluo- 
rophotometry made possible the study of movements of fluorescein, an 
organic anion, into and out of the eye, through the BRB (17). The 
results were of peculiar interest since they provided evidence for 
an active transport for fluorescein across the entire retina and 
walls of the retinal vessels. It was found that when fluorescein is 
injected into the blood, no measurable amount enters the vitreous 
body of the normal eye. When fluorescein was injected into the vi- 
treous body of the normal eye, its concentration dropped from behind 
the lens to the retinal surface where it fell to a very low value 
(fig. 7). This distribution was not affected even if a very high 
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Fluorescein Concentration (1077 g/ml) 


Retina 


Distance across vitreous (mm.) 


Fig. 7. Intravitreal injection of 15 pl of 0.06% fluorescein in sa- 
line. (a) In vivo recordings taken 6 hr after the injection. (b) 
Contours from eye frozen 7 hr after the injection. (From ref. 13). 


concentration of fluorescein was maintained in the blood. When the 
eye is treated with metabolic inhibitors or with competitive inhi- 
bitors of the type that influence organic anion transport in other 
regions of the body (e.g., probenecid, iodopyracet, penicillins), 
the entire pattern of the fluorescein movement in the vitreous al- 
ters in the direction of free exchange across the retinal surface. 
The transport of fluorescein across the BRB thus appears to be si- 
milar to organic anion transport in kidney and liver, and it may be 
involved in the protection of neural elements of the retina from to- 
xic action of some waste products of metabolism. 


IV. TELEOLOGY. OF THE BRB 


There undoubtedly are many reasons for the BBB and BRB, but the 
most widely held belief is that they protect the brain and retina 
from potentially neurotoxic substances in blood. It is a fact that 
they perform this function, but their function is better defined by 
stating that the BBB and BRB facilitate the optimization of the fluid 
environment of the brain and retinal cells, respectively. 


Many drugs (such as most antibiotics) are kept out of the retina 
by the BRB, and this is an important protective effect, particularly 
when it is recalled that when there is retinal disease a barrier al- 
teration is usually present, thus making the retina accessible to 
the therapeutic effect of the drug. 


It is noteworthy, that once a lipid-soluble molecule is intro- 
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duced into the body, the usual effect of metabolism is to render the 
molecule more polar. This increasing polarity can be thought of as 

a protective mechansm on the part of the body since the organism 

has no ability to confine or otherwise transport lipid-soluble sub- 
stances that readily diffuse through all cell membranes and tissue 
compartments. Only when rendered polar can biological membranes ef- 
ficiently transport these substances. 


The ability of the BBB and BRB to obstruct the passage of some 
substances is enhanced by enzymatic mechanisms in the cytoplasm of 
the capillary endothelial cells. These cells contain monoaminoxidase 
(MAO) which probably serves to restrict the passage of biogenic ami- 
nes in or out of the brain (23). One could readily imagine a burst 
of systemic norepinephrine upon jumping into cold water (41). En- 
trance of this norepinephrine into the retina could substantially 
alter its function and isolation of the retina from such systemic 
perturbations probably is a significant effect of the BRB. This en- 
zymatic barrier probably completes simple physical exclusion by the 
barrier. 


The barrier system behaves as though all substances in plasma 
are prevented from entering the brain and retina, but specific clas- 
ses of molecules are, in effect, issued "passes" to allow entry (41). 
Such an arrangement could provide considerable stabilization of the 
flux into brain of metabolic substrates such as glucose.To be most 
effective as a control mechanism, such a carrier transport system 
should be about half-saturated in the presence of the usual concen- 
tration of substrate to which the carrier protein is exposed. This 
is the case with several of the BBB carriers, including the glucose 
carrier. The flux of glucose into brain is, therefore, rendered re- 
latively constant in the event of hyper or hypoglycemia. 


Finally, a particularly interesting situation occurs with the 
neurotransmitters which play a prominent role in neural function 
either by exciting or inhibiting postsynaptic neurons by opening 
ion channels so as to change membrane potentials. The percursors of 
the recognized neural transmitters (glucose, DOPA, histidine, tryp- 
tophan) readily penetrate the BBB and BRB by virtue of various car- 
rier systems. The transmitters themselves, however, are polar subs- 
tances without affinity for any of the carriers. As a result they 
are trapped in the neural tissue by the barriers. The brain and 
retina presumably need to keep their transmitters to some degree 
localized to the region in which they are released. 


V. POSSIBLE ROLE OF BRB IN RETINAL DISEASE 


The role of BBB in human disease is still unclear because so 
little is known about it. The development of two diagnostic methods 
- fundus fluorescein angiography and vitreous fluorophotometry, has, 
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however, contributed significantly to our understanding of the alte- 
ration of the BRB in retinal disease. It appears that there is an 
intimate relationship between breakdown of the BRB and almost every 
retinal disease, particularly the vascular retinopathies and the pig- 
ment epitheliopathies(6, 10). Whereas, fluorescein angiography shows 
BRB loss in virtually all lesions in which normal histology is alte- 
red, vitreous fluorophotometry, a quantitative method of fluorescein 


analysis of the vitreous, can detect functional alterations of the 
BRB (8, 9). 


Vitreous fluorophotometry appears to be particularly suitable 


for early diagnosis and for much needed pharmacological research on 
the barrier. 


Along this line, the preservation of an intact BRB, the dimi- 
nution of a barrier breakdown, or even a controlled breakdown of 
the barrier to help drug delivery have obvious clinical significance. 


The role of the BRB in retinal disease is now only starting to 
be envisaged. The retina appears to be, like the brain, dependent on 
the BRB carrier systems to exchange its metabolites with plasma. If 
the BRB glucose carrier is somehow inactivated, glucose deprivation 
would ensue and the retina become irreversibly damaged. In some pa- 
thological lesions it is conceivable that the glucose carrier is re- 
gionally inactivated, thereby creating what would be, in effect, a 
regional hypoglycemia (41). This could be quite localized because the 
diffusion from the surrounding tissue is restricted by the limited 
diffusional flux of the small retinal extracellular space. 


There is also an independent carrier transport for short-chain 
monocarboxylic acids which increases BRB permeability to lactate and 
several related acids as pyruvate and B-hydroxybutyrate. This carrier 
appears. to) facilitate loss of lactate. from the’ retina where its’ pro- 
duction exceeds the existing enzymatic mechanisms for metabolizing 
it. It is known that when the brain becomes acutely hypoperfused, 
the brain lactate rises within 3 to 5 minutes from its normal 2mM 
to about 15 mM. This parallels an accumulation of C09, and these two 
factors are largely responsible for the drop in brain pH in hypoper- 
fusion. The cardinal importance of a stable pH to retina and brain 
is suggested by the observation that it is apparently the regional 
extracellular pH that is the major parameter used to adjust regional 
blood flow. 


Another important aspect is the possible role played by the BRB 
in ischemia and other disorders of glucose metabolism. The BRB lac- 
tate carrier, probably becomes oversaturated on the presence of high 
lactate levels and can no longer effectively transport this lactate 
out of brain and retina (46). The exceptional vulnerability of the 
nervous tissue to ischemia may be consequence of the barrier system. 


It is also interesting to speculate on how much of a limitation 
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on retinal development is imposed by heavily saturated BRB aminoacid 
carriers in the normal infant and what interactions take place in 
disease, between various aminoacids using the same carrier system. 
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ALTERATIONS OF AMINO ACID TRANSPORT IN THE CENTRAL NERVOUS SYSTEM 


Abel Lajtha and Henry Sershen 
Center for Neurochemistry, Rockland Research Institute 


Ward's Island, New York 10035 


INTRODUCTION 


Alterations in the transport and in the levels and regional 
distribution of amino acids occur under a variety of conditions, 
including normal development. Since the levels, distribution, and 
movement of amino acids have important effects on brain metabolism, 
their changes would be reflected in altered metabolism. An under- 
standing of control of amino acid transport is a goal toward which 
we have directed much of our research interest. The results obtained 
suggest that there is no single mechanism that regulates acid trans- 
port, but that there are many transport systems with different pro- 
perties influenced by a number of factors. 


The transport system measured in the brain includes low-affinity 
and high-affinity carrier sites; low-affinity systems have been best 
measured in brain slice preparations, and high-affinity uptake is 
most often measured in synaptosomes. Regional differences have been 
observed for both systems. Properties of transport in brain capil- 
laries are different from those measured in brain slices. Parallel 
developmental changes in level and transport capacity have been 
observed, indicating a relationship. Specific differences also 
exist, however, indicating that specific metabolic changes also 
occur during development that result in alteration of metabolic 
distribution. 


Possible regulating mechanisms include ions (distribution, 
fluxes, specific ionic influences), specific energy sources for 
specific transport systems, hormonal effects (regional effects, 
specific cellular permeability changes), and nutritional influences. 
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A survey based to a large extent on data in this area obtained 
in our laboratory is presented to illustrate a type of approach to an 
understanding of the complex mechanisms involved in central nervous 
system regulation of distribution and metabolism of amino acids, 
peptides, and proteins. 


Regional Heterogeneity 


The biochemical heterogeneity of brain is parallel to its 
structural and functional heterogeneity. For the amino acids in 
brain, such heterogeneity was shown in their distribution, metabo- 
lism, and transport. The levels of amino acids and their metabolic 
products, and their rates of metabolism, are different in the 
various structural compartments. The distribution pattern is rather 
specific for each amino acid, with distribution even for some and 
heterogeneous for others, and an area with the lowest concentra- 
tion for one amino acid may contain the highest level of another. 
Several regional studies, including ours, on various species 
(Table 1) showed the heterogeneity and specificity of this distri- 
bution (1,2,3). 


When we studied regional differences in cellular amino acid 
transport by measuring amino acid uptake in slices, considerable 
heterogeneity was found. The nonessential amino acids were accu- 
mulated to a high degree in all areas studied, but there was still 
considerable variation, sometimes several fold, in the uptake in 
the various brain areas. The picture was similar with the essential 
amino acids: they were accumulated to a lower degree, but hetero- 
geneity could be found. We compared tissue levels with cellular 
uptake, and changes in tissue levels with changes in cellular 
uptake, in order to study the role of cellular transport in the 
regulation and determination of intracellular concentration of meta- 
bolites in the brain. There was some correlation between levels 
and uptake in that the uptake of amino acids that are at high levels 
in the brain, such as glutamate, asparate, taurine, and GABA, was 
much higher than the uptake of compounds present in the brain at 
low levels. Regional distribution and regional uptake were also 
often parallel (Table 2). The closer comparison of level with 
uptake, and of regional changes in level with such changes in up- 
take, showed a number of differences. Exit of amino acids from 
preloaded slices obtained from various areas also showed regional 
heterogeneity. A similar comparison of developmental changes in 
levels and changes in uptake also showed some similarities and 
some differences. We concluded that cellular transport is an 
important factor in determining tissue levels, but that in addition 
several other factors are operative in the control of cerebral 
metabolite distribution. 


When the regional uptake in vivo, under conditions where brain 
levels of the amino acid were significantly elevated, was compared 
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with tissue levels under physiological conditions, a similar cor- 
relation was found (4). 


Table 1. Amino Acid Levels in Regions of Cat Brain 
Amino Acid Cortex Corpus Thalamus Mesencepha- Cere- 
Callosum lic Tectum bellum 
Taurine 1.9 3.0 lel Lit6 Bo ll 
Aspartic acid Baul 14 Dey he] 2.9 
Glutamic acid 13 1] 12 9.7 13 
Glycine W83 0.6] ay, 2.8 135 
Alanine 0.85 0.70 0.59 Bel 0.89 
Phenylalanine 0.05 0.06 0.08 0.09 0.08 
GABA he 0.96 SoH 5.8 o's 
Lysine 0.19 Oa 727/ 0228 0.38 WO, 22 


Amino acids in regions of cat brain determined with an amino acid 
analyzer (3) are shown. Values given are Umol amino acid per g 
fresh brain. 


Table 2. Distribution In Vivo and Cellular Uptake in 
Vitro of Amino Acids in Rat Brain 


Brain Area Relative distribution: whole brain=100 
Glycine Leucine Lysine GABA Glutamate 


Hemisphere Level 55 99 75 101 Tal 
Uptake 90 108 110 100 yl 
Midbrain Level 137 110 133 164 73 
Uptake 155 87 107 148 92 
Pons-Medulla Level Bi 7/ 99 160 76 67 
Uptake 115 76 65 90 65 
Cerebellum Level 55 101 135 66 100 
Uptake 91 96 82 71 89 


Regional levels of amino acids (expressed as umol/g fresh tissue) 
are compared with uptake by slices (concentrative uptake umol/ml 
intracellular water per 5 min) from similar regions. The level in 
whole brain or the uptake by slices of whole brain is taken as 


100 (4). 
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Regional variations in uptake in vitro, as in slices, were often 

but not in all cases similar to regional variations in tissue con- 
centrations. The fact that uptake capacity and levels are not 
always parallel indicates that transport is not the only determinant 
and that additional factors are important in determining changes 

in levels. 


An important difference in transport relates to specificity 
of capillary transport. Although ten or more specific amino acid 
transport systems can be identified in brain cells, only 4 or 5 
of these can be detected in capillaries (5,6). Therefore some 
amino acids that are actively taken up by brain tissue are not 
transported through the capillaries. Since the properties of the 
various transport systems differ, the fact that only a few are 
present in capillaries results in differences in the properties of 
capillary versus cellular transport. In cells the large neutral 
amino acid transport that is Na+, temperature, and energy dependent 
predominates; in the capillaries, it is the form that is not very 
dependent on these factors (6,7,8). 


Changes During Development 


The composition of free amino acids in the brain changes during 
development. The greatest change in absolute amount is the increase 
in glutamate and the decrease in taurine. With the exception of 
glutamate and aspartate, the levels of most amino acids are higher 
in immature brain than in adult brain. However, changes in uptake 
capacity are not strictly parallel with changes in levels (Table 3). 
Plasma amino acid level changes occur; however, they are unlikely 
to be responsible for changes in brain level and transport of amino 
acids. The changes in amino acid levels are the greatest around 
birth, and they show a rather complex pattern (10). It is tempting 
to think that the non-essential amino acids increase with increasing- 
ly complex metabolism, including neurotransmitter production, and 
that the essential amino acids decrease with the decreasing rate of 
protein metabolism during development. 


Uptake of amino acids also changes during development. It has 
been established in several studies that the blood brain barrier 
is less restrictive in the immature brain. In our studies of 10 


amino acids under similar conditions, maintaining increased plasma 
levels fairly constant for 90 min (11), each amino acid was taken 

up to a greater extent in the immature than in the mature brain. 

In spite of greater permeability, in most cases brain levels 
remained below plasma levels, indicating that the restrictions to 
uptake are less but are not absent. The changes in brain levels 
when plasma concentration of an amino acid is increased is influ- 
enced by several factors; these include capillary permeability, 
capillary and cellular transport, and metabolism. Capillary per- 
meability is greater in newborn mice, and the portion of the passage 
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through the capillary that is no inhibited by analogs (diffusion ?) 
is greater in the immature brain (8). When capillary transport of 
amino acids was compared in vivo in young and adult rats, transport 
activity was measured by analog inhibition of uptake, that is, 
brain uptake index in 15-sec perfusion experiments (Oldendorf), was 
as great or greater in young brain in comparison to adult. This 
indicated that capillary transport of amino acids is developed 


early and is highly active during the active growth phase of the 
brain (8). 


The development of cellular activity of the various transport 
systems was measured by measuring amino acid uptake in slices of 
brain at different ages (12). In mouse brain, by the 15th day of 
fetal life the transport systems for essential amino acids were well 
developed, and the transport systems for neurotransmitter amino 
acids (taurine, glycine, GABA, proline, glutamic acid) were less 
developed, but rapidly increased in the 15-19 day of fetal life. 
These results would indicate that transport systems for these essen- 
tial amino acids (needed for protein synthesis) develop earlier than 
those for the amino acids needed for neurotransmitter function. 


Table 3. Comparison of Changes of Amino Acid Levels and 
Transport During Development 


Amino Acid Adult, percent of newborn 
tissue level slice uptake 

Alanine ; o2 83 
Leucine 4h 78 
Phenylalanine 48 69 
GABA 140 180 
Glutamate 230 140 
Lysine 84 87 
Arginine 130 130 
Glycine LO 150 
Valine 1) 110 
Histidine 59 230 
Taurine ks 260 


Tissue level is uUmol/g fresh tissue uptake, introrel lular accumu- 
lation is umol/ml intracellular water from 1 mM C-amino acid in 
medium (9). The amino acids in the upper part of the table show 
parallel developmental changes of level and uptake; the four 
bottom examples show changes in the opposite direction. 
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When followed during further development (13) cellular transport 
activity showed a fairly heterogeneous pattern in that some amino 
acids reached adult activity levels early, others later, and in 
some cases activity showed a maximal peak at 2-3 weeks of postnatal 
age. It seems that amino acid transport is an essential element 
of nervous tissue, being present at early developmental stages 
and rapidly reaching mature values. 


lon Dependence 


lon gradients have been studied in a number of systems; they 
were suggested to be the source of energy for amino acid uptake 


against a concentration gradient (14). Lowering of Na’ in brain 
slice studies decreased amino acid uptake (15), and absence of 
Nat almost completely inhibited uptake (16). In Ehrlich cells 


Na*t-dependent and -independent uptake of neutral amino acids was 
measured; the A system was Na*t-dependent and the L system was Nat- 
independent (18). In brain slices, accumulative uptake for neutral 
amino acids occurred primarily via the A system (glycine, proline) 
and therefore the uptake was Na -~dependent (6). In contrast, capil- 
lary transport of neutral amino acids is via the L not the A system 
(6,19). Capillary uptake measured in vivo or in isolated capil- 
laries was not Na’-dependent (8) (Table 4). Evidence was reported 
that the A system is operative on the outer surface (brain side) of 
the capillary or near it (20). Thus, heterogeneous distribution 

of the two (A and L) systems on the outer and inner (plasma side) 
surface of a membrane would give different properties of transport 
inward in comparison to that outward (through the membrane). In 

the case of brain, it may act as ''exchange in pumping out'' mechanism. 


Our studies of ion fluxes indicated an influence of Nat move- 
ment on amino acid transport. Inward fluxes increased amino acid 
uptake in adult and newborn brain; the changes were lower in imma- 
ture brain (21). Outward Nat movement slightly inhibited uptake; 
however, amino acid inflow still occurred under conditions of net 
Na exit, indicating that amino acid uptake is not exclusively 
dependent on Na’ movement in the same direction (Table 5). Move- 
ment of K* (influx or efflux) did not affect uptake (22). lon 
replacement studies depend on depletion methods (22). Incubation 
in K'-free medium does not completely remove tissue K'; initial 
wash in glucose minus Na medium removes most of the K from the 
brain slices. Incubation in K -free media reduced acidic amino 
acid transport slightly; L system neutrals were decreased, and 
lysine and ornithine were increased. High Kin the media inhi- 
bited lysine and ornithine uptake, and low and high K_ both 
decreased GABA uptake (Table 6) (22). 
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Table 4. Effect of Nat on Amino Acid Uptake in Vivo and in Vitro 


Uptake as per cent of control (+Na*) 


Lysine Leucine Glutamate 
-Nat -Nat -Nat 
(ne VTtre Brain Slices 63 48 2 
Isolated Capilla- 
ries 9h 
In Vivo Capillaries 109 82 


Results are expressed as per cent of uptake of control (Nat con- 
taining medium) 


Table 5. The Effect of Nat Fluxes on Amino Acid Transport 


Amino Acid umol/ml intracellular water 

74 74/164 164/74 164 

Influx Efflux Na’ concn. 

Aspartic Acid 3.9 5.2 2220 4S 
GABA 2.9 Bere. lof 3.6 
Glycine 256 h 2 1.4 2.6 
Leucine od DRae. 56 19 
Nat Tissue 51.7 95.7 76.5 119 
Kt lite 130 125 132 


Brain slices were incubated for 30 min in medium containing 74 (or 
164) mM Nat, then transferred and incubated in 164 (or 74) mM Nat. 
Results are expressed as mol amino acid per ml intracellular 
water. 
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The accumulation of amino acids especially of the nonessential 
such as glutamate, aspartate, GABA, and glycine - in brain slices 
is high, although these amino acids penetrate the brain in vivo 
very poorly. The high degree of amino acid uptake by slices in com- 
parison to the low degree in vivo is not due to tissue damage (23). 
An ion gradient does exist between cut and inner area of a single 
slice, with uptake higher at the cut surface for some amino acids; 
however, the portion of cut surface constitutes only a smal] 
portion of the total slice (23). Swelling of tissue preparations 
does not account for high amino acid uptake capacity in slices (24). 
We feel that the major difference is not changes in ion gradients, 
energy content, or swelling, but that in slices the cellular 
uptake mechanism iS rate-limiting, whereas in the living brain 
capillary permeability is the limiting factor. 


It is likely that the heterogeneous distribution of transport 
systems results in variations in transport properties not only 
between capillary and cellular transport but also between various 
other structural elements - ganglia, peripheral nerves, and glia 
versus neurons - and in subcellular elements. This may extend 
to differences in ion dependence. Synaptosomal uptake of amino 
acids, related to high-affinity uptake, demonstrates strict Na* 
dependence (25). It is not known whether jon gradients are the 
primary source of energy changes in high-affinity transport, and 
a Nat-independent high-affinity uptake for serine and threonine 
in newborn rat synaptosomes (26) 


Some differences in ion dependence was observed in the trans- 
port of amino acids, such as glutamate and aspartate, belonging 
to the same (acidic) transport system (15). Although much of cere- 
bral amino acid transport is abolished in the absence of Na‘, this 
situation is not likely to occur under physiological conditions. 
Minor changes in ion distribution, however, are likely to occur, 
and they would influence different amino acids to varying degree. 


Energy Dependence 


Energy related changes in ATP levels alter amino acid trans- 
port in brain slices (26). Depending on the metabolic inhibitors 
employed, ATP levels could be altered; however, no direct relation- 
ship was found between uptake of amino acids and ATP concentration 
(27, 28). It was possible to have high amino acid uptake in the 
presence of low ATP and low amino acid uptake with high tissue ATP 
levels. Glucose is a primary source of energy, yet mitochondrial 
enzyme inhibitors (rotenone, antimycin-A, oligomycin) were more 
potent inhibitors of amino acid uptake than glycolytic enzyme inhi- 
bitors (NaF, phlorizin) (Table 7) (29). Glucose can be substituted 
in the incubation medium by addition of succinate, malate, and 
pyruvate (SMP) with subsequent restoration of D-glutamate, AIB, 
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glycine, valine, histidine, GABA, or lysine uptake. The inhibitory 
effects of NaF were decreased when the affected glycolytic steps 
were bypassed by addition of SMP. These results indicate specific 
energy sources, probably mitochondrial at the level of ubiquinone 
reduction, and coupling to cytochrome b, which are involved in brain 
amino acid transport (29). 


Uphill transport (against a concentration gradient) is a process 
that consumes energy; therefore it is not surprising that metabolic 
inhibitors decreasing available energy have an inhibitory effect 
on amino acid transport. The heterogeneity of the properties and 
of the distribution of transport systems results in heterogeneous 
alterations in amino acid transport as a result of changes in energy 
metabolism, similar to the effects of changes in jon levels. Some 
of the effects on rapidly metabolized amino acids are not through 
transport, since changes in energy, ion levels could affect their 
metabolism as well. Changes in tricarboxylic acid cycle activity 
often result in changes in alanine and aspartate metabolism, 
followed by effects on glutamate and GABA metabolism. 


Table 6. Amino Acid Uptake in High Kt and Kt-Free Media 


Amino acid uptake 


Control eae Per cent of control 
Amino Acid (mo1/m1) No Kt 5OmM-K* 
Glu 31 87 94 
Asp 31 76* 86 
ee 10 73% 83% 
Phe 2 68% 115 
GABA 29 79% 50% 
His 17 62% 67% 
Orn 5eO 122% 6h 
Lys De 112 56% 


C.U.=concentrative uptake=umol/ml intracellular water above 
medium level at the end of the uptake incubation. Slices were 
incubated in the particular medium for 30 min; then the amino 
acid was added, and incubation was continued 30 min. A111 amino 
acids were L isomers. kK* contents of the tissue at the end of 
the incubation were 45, 70 and 115 wyeq/ml in media without rea 
in control medium (5mM-K"), and in high Kt (50 mM-Kt) medium 
respectively. 

* Significantly different from control P < 0.0I 
Averages of 5 experiments are shown (22). 
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Table 7. Effects of Inhibition of Glycolytic and Mitochondrial 
Metabolism on Amino Acid Uptake 


Glucose Medium SMP Medium 
Inhibitor Glu AIB Glu AlB 
None 86 86 106 99 
NaF 10mM PAS: 12 103 15 
|odoacetate 0. 3mM 22 56 99 46 
Rotenone 0.1 uM 50 BS 3 WS 
Antimycin A 0.5uM LO ho 15 28 
Oligomycin 11 uM 68 60 4 15 


a 


Uptake of glutamate and AIB in either normal glucose or SMP medium 
in presence of different inhibitors is given as per cent of control 
slices (29). 


Hormone Effects 


Although endocrine effects on amino acid transport were studied 
in a number of tissues and cells in some detail, only a few studies 
have investigated transport in brain. This is perhaps due to the 
fact that insulin, which affects transport in muscle, does not 
influence cerebral amino acid transport. This is not surprising: 
tissue specific effects of glucagon on amino acid transport have 
been reported (30, 31, 32). In brain the effect of steroid 
hormones was studied; in the young, but not in the adult, cerebral 
amino acid uptake was increased (33, 34). Synaptosomal uptake was 
decreased by thyroid hormone (35). Some endocrine effects may be 
indirect, for example, by influencing ATP levels (36). Amino 
acid metabolism may also be affected; steroids were found to affect 
brain amino acid metabolism, especially of nonessential amino 


acids (37). 


To study effects on cellular transport, we studied amino acid 
uptake by brain slices in the presence of several hormones (38). 
Some hormones that are active in other tissues, such as insulin and 
glucagon, had no effect in brain slices. Only a few of those tried 
had effects, and these were primarily when the amino acid concen- 
tration in the medium was kept low. Hydrocortisone, estradiol, 
and progesterone stimulated uptake, and estradiol at higher concen- 
trations caused a net release of tissue amino acid into the medium 
(Table 8). The effects were specific in that uptake of only a 
few amino acids was altered. The changes in tissue GABA were 
especially large. In this case inhibition of metabolism more than 
stimulation of uptake resulted in increased retention of the amino 
acid. The results show that hormones affect membrane properties, 
amino acid metabolism, and energy metabolism, and thereby may 
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affect amino acid transport indirectly as well as directly. 


Table 8. The Effect of Hormones on Amino Acid Uptake in Brain 


Slices 

Amino Acids Uptake as per cent of control 

Estradiol Progesterone 
0.05M 0.25M 0.05M 0.25M 

Phenylalanine 14] 56 103 111 

GABA 126 67 180 290 

Valine 142 5] ql2 127 

Glutamate 144 27 118 126 

Glycine 107 32 27 111 


Mouse brain slices were incubated in HEPES medium for 30 min at, 
37°C, in the absence or presence of hormones; then respective C= 
amino acid was added for an additional 60 min (38). 


Nutritional Influence 


It is known that alteration of the levels of plasma acids 

can result in changes in brain levels. Increase of many different 
acids in plasma, such as after a protein-rich meal, may not cause 
an equivalent increase ‘in brain, because of competitive inhibition 
within the same transport class. Dietary increase of a specific 
amino acid such as the neurotransmitter precursor tryptophan can 
result in a change in the brain content of the amino acid and its 
neurotransmitter product can be of physiological and therapeutic 
significance (39). Changes during malnutrition or specific nutri- 
tional deficiencies have not been studied in detail. 


Mild nutritional deficiency has no significant effect on the 
composition of the cerebral free amino acid pool (40), but prolonged 
severe undernutrition results in changes. Many amino acids, 
especially the essential amino acids, decrease quantitatively; the 
greatest change is a very large increase in histidine and homo- 
carnosine. Most but not all of the changes in mice were similar 
to that observed in monkeys (41, 42). In one experiment we compared 
changes in the uptake of three amino acids with changes in their 
level in the brain caused by protein-free diet. The changes in 
level and in uptake were parallel in that both increased with histi- 
dine, decreased with lysine, and remained unchanged with leucine 
(Table 9). In these experiments values were probably influenced 
by changes not only in uptake but also in exit and in metabolism. 
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These experiments tested only a few compounds, under a single 
condition; therefore general conclusions can not be drawn, but it 
appears that severe undernutrition alters brain uptake of amino 
acids in a specific way, which tn turn results jm changes in cere- 
bral levels. 


Table 9. Effect of Protein-Free Diet on the Uptake of Amino Acids 
in Adult Mouse Brain 


Time Uptake in experiment Level as per 
Min as per cent of control cent of control 
Histidine 20 140 340 
60 160 
Leucine 5 100 100 
20 110 
Lysine 5 82 74 
20 54 
Amino 5 94 
lsobutyric Acid 20 100 


Uptake is measured as brain to plasma concentration ratio. The 
amino acids were injected intraperitoneally in a dose sufficient 
to increase brain levels 3-4 fold (42). 


CONCLUSION 


Amino acid transport into and out of the brain under physio- 
logical conditions seems to proceed at fairly constant rates and 
is undoubtedly part of the homeostatic mechanisms maintaining the 
metabolic environment. Transport rates and transport systems, 
however, are altered under a variety of conditions. In general, 
nutritional variations in plasma amino acid levels would not be 
reflected in the brain; affinity constant (Km) of transport of 
many amino acids is close to the value of plasma concentration, 
that is, transport is near saturation levels not too dependent 
on plasma concentration. The fact that nutritional change simi- 
larly affects competing members of a transport class also results 
in the competitive interactions minimzing changes in transport. 
Undernutrition has significant effects; they seem to be variable, 
decreasing the uptake of some and increasing that of other amino 
acids. 
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The transport systems are not homogeneously distributed: 
regional heterogeneity in uptake and in the level of cerebral amino 
acids has been observed. Not all structures contain all transport 
systems. Less than half identified in brain could be detected in 
capillaries - therefore the properties of capillary transport are 
quite different - not only is the transport for some, e.g., GABA 
and proline, minimal, but in neutral transport a relatively Nat 
and energy-independent system predominates. 


There are important changes during development: the systems 
for essential amino acids seem to develop earlier than the ones 
for neurotransmitter amino acids; some systems present early are 
diluted out or their properties change; most increase in activity. 


The mechanisms that control transport activity are not known; 
changes in available energy, ions, ion gradient (primarily Nat), 
and endocrine changes were observed to influence cerebral amino 
acid transport, but whether some are used for functional needs has 
not yet been established. 


It is clear that transport plays a major role in determining, 
and at times altering, the level of the amino acid. The metabolic 
consequences of this are not well established: transmitter syn- 
thesis and amino acid metabolism are sensitive to concentration 
changes; protein synthesis seems less so. 
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1. Introduction 


As we shall see, the blood-retinal barrier system consists of 
at least three topographically, morphologically and functionally 
distinct components. Experimental approaches to the demonstration 
and definition of ocular transport processes across various regions 
of this barrier system are manifold, and in most cases no single 
approach can prove the existence of transport. Yet, it appears that 
with the exception of dissolved gases, virtually all normal solutes 
and drugs enter into or are removed from the intraocular fluids 
(IOFs), including the extracellular fluids (ECFs) of the retina, by 
facilitated or active transport processes across the blood-aqueous 
and blood-retinal barriers. A complete review of this field is 
clearly beyond the scope of this article. We shall, therefore, 
focus on principles rather than details, and will present data and 
references which are illustrative rather than inclusive. 


2. Sites of Passive Exchanges and Transport Processes 


The blood-retinal barrier (BRB) is generally regarded as 
consisting of two components, the endothelium of retinal blood 
vessels ("inner barrier") and the retinal pigment(ed) epithelium 
("outer barrier"). This is, however, an oversimplification. There 
are no diffusional barriers between the extracellular fluid (ECF) of 
the retina and the adjacent vitreous (89), nor does the vitreous 
body itself significantly hinder the diffusion of most solutes (77). 
Hence, there are free diffusional exchanges between the posterior 
chamber and retinal ECF, and the epithelia of the ciliary processes 
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(see Section 2a), which serve as the barrier between the posterior 
chamber and blood, must also be regarded as part of the BRB system. 


2a. Ciliary processes. Before the advent of electron 
microscopy and modern techniques of analytical chemistry, the 
ciliary processes and their secretion, the aqueous humor, were 
assumed to be very similar to the choroid plexus and its secretion, 
the cerebrospinal fluid (CSF; 44). Sometimes even a direct analogy 
between these two systems was advocated (104). However, information 
developed over the past decades indicates that these systems are not 
analogous on either physiological or morphological grounds. 


The chemical composition of aqueous is, in fact, grossly 
different from that of CSF (16, 22). This is not surprising if we 
consider that aqueous humor has a dual function; it not only 
provides a suitable chemical environment for the avascular 
ectodermal tissues, the lens, cornea and trabecular meshwork (16), 
but also contributes to the chemical composition of retinal ECF. 


Modern techniques capable of distinguishing cellular 
orientation and revealing different types of intercellular junctions 
also show that the ciliary processes are morphologically unique 
among secretory tissues, and are clearly different from the choroid 
plexus. While the choroid plexus is covered with a single layer of 
epithelium, the ciliary processes have two distinct epithelial cell 
layers in a unique apex-to-apex orientation. This orientation need 
not be regarded as a morphological oddity if these cell layers are 
considered to be two separate simple cuboidal epithelia. The deep 
layer should clearly be called the ciliary epithelium. However, the 
surface ("non-pigmented") layer whose basement lamina covers a 
connective tissue compartment, the posterior chamber, is more 
accurately regarded as the epithelium of the posterior chamber. The 
two cell layers, which appear to form a secretory unit, will be 
referred to here as the ciliary epithelia rather than epithelium. 
The "non-pigmented epithelial layer" by itself will be referred to 
as the epithelium of the posterior chamber and the pigmented layer 
as the epithelium of the ciliary stroma. 


The transport functions of the ciliary processes, which were 
originally deduced from observed differences between the chemical 
composition of aqueous humor and plasma dialysate (44), were 
demonstrated by in vitro "Ussing chamber" (33, 65) and accumulation 
studies (5, 55). A better understanding of the scope of these 
transport functions was achieved by analysis of aqueous humor 
collected from the posterior chamber, which more closely approxi- 
mates the composition of freshly secreted fluid (67), and by more 
detailed studies on the concentration gradients of solutes in the 
whole IOF system (20, 16). Literature on the transport functions of 
the ciliary processes (66), the mechanism of fluid production (36), 
and the chemical composition of the freshly secreted fluid (67, 16) 
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has been reviewed extensively and will be dealt with here only in 


regard to the influence of these transport functions on the 
composition of retinal ECF. 


2b. Retinal choroid. The choroid consists of a vascular 
network separated from a simple cuboidal epithelium (the "retinal 
pigment(ed) epithelium") by a thin layer of connective tissue, and 
as such, it is morphologically more analogous to the choroid plexus 
than are the ciliary processes. Indeed, the original description of 
this structure regarded the posterior uvea, Bruch's membrane and its 
epithelial covering as a unit, called the "tunica Ruyschiana" (52). 
Apparently, we can credit Kolliker in the late 19th century with 
confusing the nomenclature when he demonstrated that the pigmented 
epithelium is derived from the outer layer of the secondary optic 
vesicle. This finding led somehow to the conclusion that this 
epithelium belongs to the retina. However, an epithelium is not 
necessarily part of the structure whence it was derived; rather, it 
represents an integral part of the structure to which it is attached 
through its basal lamina. 


In the case of the "retinal pigment(ed) epithelium", there is 
no morphological, physiological, physical, clinical or semantic 
basis for considering it to be separate from the choroid. Hogan, 
Alvarado, and Weddell (63) describe this epithelium as part of the 
retina, yet regard the "basement membrane of the retinal pigment 
epithelium" as part of the choroid. Even though Bloom and Fawcett 
(31) consider it "illogical to assign the pigment epithelium to the 
retina and its basal lamina to the choroid," they also continue to 
discuss this epithelium as a part of the retina. This terminology 
is not only illogical and morphologically untenable, but also mis- 
leading, and must have contributed to the reluctance of 
physiologists to study this "retinal" epithelium, which cannot be 
isolated with the retina from the underlying choroid. 


In fact, this epithelium is clearly adherent to the choroid 
and, together with it, forms a structure which separates with ease 
from the "neuro-retina". Clinically, it is also the neuro-retina 
that separates in retinal detachment from the underlying epithelium, 
which remains firmly attached to the choroid (63). Finally, from a 
semantic point of view, the term choroid means ‘resembling the 
chorion' (Oxford English Dictionary, 1971), i.e., the outermost, 
nutritive coat of the embryo which includes a vascular bed, con- 
nective tissue and a layer of epithelial cells (84). Thus, by any 
criteria, the epithelium that covers the choroid is correctly called 
the choroidal or chorioretinal rather than the retinal epithelium, 
and we will refer to it henceforth by one of these names. It should 
also be noted that since pigment granules are not a universal 
feature of these cells, e.g., regions of epithelium that lie in 
front of a tapetum lucidum are devoid of pigmentation (87, 69), the 
modifiers "pigment" or "pigmented" are also misleading. 
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Though these problems appear to be semantic, they are relevant 
to the understanding of the BRB system. By regarding this epithe- 
lium and the underlying connective tissue and vascular network as a 
unit, it immediately becomes apparent that the "choroid of the 
retina" refers to a secretory organ which is remarkably similar both 
morphologically and functionally to the choroid plexus of the brain: 
both consist of a single tight-junctional epithelial layer, charac- 
teristic apical microvilli projecting into an ECF space, and a basal 
lamina which is attached to connective tissue containing an ex- 
tensive vascular bed (22). Regarding the choroid plexus of the 
brain and the choroid of the retina as analogous organs will greatly 
increase our understanding of the control of the chemical composi- 
tion of retinal ECF by the choroidal BRB, since much is known about 
the diversity and orientation of the transport processes of the 
choroid plexus (22, 32, 88). Furthermore, this perspective orients 
the researcher to accept more readily the results of in vitro 
studies on the isolated retinal choroid, which heretofore has been 
referred to as a "retinal pigment epithelium-choroid preparation." 


2c. Retinal vasculature. The tight-junctional endothelium of 
the euangiotic retina must be analogous to the capillaries of the 
brain and unquestionably represents a critically important and well- 
documented permeability barrier (43, 83). Any significant leakage 
at this site would clearly circumvent the whole BRB system. 
Morphological (EM, freeze fracture) and physiological (horseradish 
peroxidase and other molecular markers) studies (40, 41, 89), 
together with observations that the vitreous of all species studied 
has a very low concentration of plasma proteins and a solute 
composition greatly different from plasma ultrafiltrate (see Table 
1), clearly demonstrate that the retinal vasculature is indeed an 
effective permeability barrier. 


By analogy with the capillaries of the brain, whose transport 
functions are much better documented than those of the retina (11, 
10), the endothelium of retinal capillaries undoubtedly transports 3 
variety of solutes. MTransport functions at this site are further 
suggested by the observation of Cunha-Vaz and Maurice (42) that 
fluorescein is removed from the vitreous across "retinal capil- 
laries" of the rabbit eye as well as by experiments on the isolated 
vascular network of the bovine retina (9) in which transport 
machinery similar to that found in preparations of brain capillaries 
was demonstrated. However, in the retina, the proximity of the 
capillary bed to the choroid makes it nearly impossible to determine 
the site of transport in most in vivo studies, while the so-called 
"retinal capillaries" of rabbits which were examined by Cunha-Vaz 
and Maurice (42) cannot be taken as a typical example of euangiotic 
retinal capillaries (105). Furthermore, in vitro accumulation of 
substrates by isolated vascular tissues cannot be regarded as proof 
of transmembrane transport (see Section 3). 
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Table 1. Steady-state concentration (mM/kg H,0) gradients 
within IOF compartments and between vitreous and blood plasma 


eg dialysate. (Based on values from references 12, 29 
an : 


Plasma Qyial® Aqueous Vitreous MEM, VEC 
(Aqu) (Vit) Aqu Plasma* 
Chloride 
Human 109 134 114 Oee5ry 141205... 
Rabbit 108 100** 104 0.967» Onome 
Sodium 
Human 176 163 144 0268. eh. 62> 
Rabbit 143 159** 134 (oar o}: make acy ie 
Calcium 
Rhesus 2.43 0.58 1.27%# hah 1703.9) 0.93% 
Cat 220 e028 1.39#* i 3 ORS GR? A ta A 
Rabbit Soi a0 07 1. 74#® 1.61#*® 0.93 0.78% 
Magnesium 
Rhesus 02 629" 40.75 0.65** 0.63 OL07)) ansa7s 
Cat 0298 0:71 0. 45#* O.54** 1.20 0.86% 
Rabbit 0.94 0.75 0.75#* 1.08%* 1.44 1, 4y# 
Chicken 0.52 0.77 Ces A 1.01#* 1.42 2.53% 
Potassium 
Rhesus ioe OR92 4. 12*# 3.55 0.86 0.91% 
Cat 406.4 21-10 4. 70##* 4.99** 1.06 1.10# 
Rabbit 4.57 0.95 4. 69#* 4.62** 0.99 1.06% 
(aphakic) 4.21 0.95 3.75 3.30 0.88 0.83# 
Bicarbonate 
Rabbit 24.9 34. 1%* 26.2 OR ae 05 
Ascorbate : 
Human 0.04 1.06 2neA Bae BEA 
Cat 0.10 0.12 120 
Rabbit 0.04 1.30%* 0.46 ONS5R Pa 1S 
Glucose 
Human 6.33 3.00 3.44 {Te1ST elo 
Cat 5.96 4.55 3 AT. 0.70 0.56 
Rabbit 8.14 5.60#* 4.06 O73, 10.50 
Chicken 14.9 T2ee 9.70#* 0.80 0.65 
Lactate 
Rabbit 10.3 9.30 Wee Oni 2 e007 
Chicken 3.65 7.40 13.1%* ATE: 3.59 


*The dialysis quotient was calculated as plasma value divided by 
in vivo or in vitro plasma dialysate value. In all cases, when 
the dialysis quotient was available, vitreous/plasma-dialysate 
ratio rather than vitreous/plasma ratio is given. 

#*Fluid obtained from the posterior chamber, or from the posterior 
vitreous segment of enucleated, bisected mammalian globes, or, 
in the case of chickens, from liquid vitreous adjacent to the 
retina. 

*Ratio calculated from values derived from two different sources. 
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2d. Relative importance of the three transport sites. Most 
vertebrates do not have an intraretinal circulation, and even among 
mammals an euangiotic retina is not a universal feature (105). Some 
species possess an extensive preretinal vascular bed lying on the 
vitreous or a small highly vascularized organ, a conus papillaris, 
pecten or falciform process, protruding into the vitreous. Clearly, 
in terms of the potential of retinal vasculature to influence the 
chemical environment of a true euangiotic retina, as, for example, 
in the human eye, transport activities of the capillary endothelium 
could theoretically be more important than either of the other two 
regions of the BRB system. On the other hand, a circulatory bed 
which is limited to a few percent of the retinal surface, as is the 
case in rabbit eyes (76), is unlikely to play an important role in 
controlling the chemical environment of the entire retina. 


In contrast to retinal vasculature, which varies greatly among 
species in extent, location, distribution and presumably in 
function, all vertebrates have well-developed ciliary processes and, 
with very few exceptions, retinal choroids. In all species studied, 
cells covering these two vascular structures show the typical 
morphological characteristics of secretory epithelia. Thus, it is 
reasonable to generalize from the few species on which physiological 
properties of these tissues have been well established and to regard 
the retinal choroid and the ciliary processes as the two universal 
components of the mammalian BRB transport system. Although evidence 
on transluminal transport function by retinal capillaries is very 
limited, so that transport at this site remains almost entirely 
presumptive and dependent on analogies to the brain, apparent 
transport across this barrier will also be discussed. 


2e. Vitreous. To understand the relationship between the 
retina and vitreous, the vitreous may be regarded as one of the 
great cisterns of the brain. In the case of the brain, cisternal 
volumes are generally small relative to the depth of adjacent tis- 
sues. This suggests that the retina has a privileged position in 
that it is a thin brain tissue adjacent to a large cistern. The 
vitreous provides the retina with a very large "emergency reservoir" 
which contains sufficient nutrients to supply its short-term 
metabolic needs and acts as a sink for potentially harmful metabolic 
end-products during acute ischemia (16, 29). The vitreous may also 
be regarded as a lymphatic drainage route for the retina (16). 


ef. Nomenclature and Summary. Diffusion is a physico-chemical 
term directly applicable to dilute solutions or gels. Thus, we can, 
in general, refer to diffusion of substances through the vitreous; 
this subject “1s dealt with in.detail, in another chapter ieGh: 
However, in all other parts of the eye, the movement of solutes can 
be expected to be affected by bulk fluid flow (see section 4h), 
fixed charges and/or specific transport processes across permeabil- 
ity barriers. The observation that a solute or a marker has moved 
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in a tissue or fluid compartment from point A to point B must not be 
interpreted as evidence of diffusion unless it can be specifically 
shown that this movement is not accounted for by a bulk displacement 
of the solvent, is non-saturable and, in general, obeys the laws of 
diffusion. 


By transport we shall here refer to saturable (facilitated, 
carrier-mediated or active) processes that require some intervention 
as opposed to diffusion and flow which are unaided, unsaturable 
processes. For example, water in the Tejo River flows downstream to 
Lisbon, while drinking water may be transported upstream in barges. 
Shipping water up-river would be an energy-requiring process; in 
biological terminology, we would refer to it as active transport. 
Movement of barges down the river would not require energy; thus, it 
is not an active process. Nevertheless, it is certainly transport, 
and carrier-mediated transport at that. Thus, we will use the term 
transport any time there is substantial evidence that movement of a 
solute is mediated by a specific, saturable mechanism. If there is 
evidence that this transport is taking place against a chemical 
concentration gradient and/or it is energy-dependent, we shall refer 
to it as active transport. 


We shall refer here to net transport of any given solute across 
a blood-tissue barrier from blood to an extracellular fluid 
compartment as secretory transport, and to a net flux from extra- 
cellular fluid to blood as absorptive transport. Such transport 
processes occur across all regions of the blood-retinal barrier 
system, namely, the tight-junctional retinal capillaries, i.e., the 
endothelial BRB (inner barrier); the choroidal or chorioretinal 
epithelium, i.e., the choroidal BRB (outer barrier); and the ciliary 
processes, i.e., the ciliary BRB. We shall refer to the first two 
of these together as the blood-retinal barriers (BRBs) and to all 
three collectively as the blood-retinal barrier system (BRB system). 


The choroidal and ciliary BRBs are proven and universal sites 
of secretory and absorptive transport processes both facilitated and 
active. The endothelial BRB is, for the most part, a presumptive 
site of transport functions. In addition, net solute fluxes between 
retinal ECF and glial elements, and diffusional exchanges between 
the vitreous and the retinal ECF must play an important role in 
retinal homeostasis. This latter mechanism may be of primary 
importance under conditions such as ischemia, when transport 
processes to and from the circulation are not functional. 


3. Methods for Studying the Transport Functions 
of the BRB System 


3a. In vivo evidence for transport. The presence of concen- 


tration gradients within the IOFs and between IOFs and _ blood 
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represents the best physiological criteria for the existence and 
direction of transport processes across the BRBs (16). This 
approach is particularly applicable to inert solutes, i.e. sub- 
stances which are not formed in, or chemically altered by, 
surrounding tissues. 


It should not be assumed, however, that transport takes place 
across the particular region of the barrier system where a concen- 
tration gradient is measured. For example, it may be found that the 
concentration of K* is higher in vitreous adjacent to the retina 
than in plasma. This would imply secretory transport across the 
BRBs only if it were found that the K* concentration is lower in the 
posterior chamber than in the vitreous near the retina. In fact, as 
we shall see (see section 4b), the opposite is true in most species 
implying that K* transport across the BRBs is absorptive, not 
secretory. Thus, elucidation of the sites of transport processes 
from in vivo distribution gradients requires detailed information on 
the concentrations of the substance in question within all regions 
of the IOF system. 


In vivo studies of the steady-state distribution of iso- 
topically labeled solutes and/or measurement of non-steady-state 
isotope fluxes can also provide important and sometimes definitive 
information on the sites and direction of transport across the 
blood-ocular barriers, particularly when a non-metabolized, 
biologically inert analogue of the natural substrate (e.g., cyclo- 
leucine or 3-O-methyl glucose) is used. These and other non-steady- 
state experiments, such as the incubation of enucleated globes in 
moist chambers in which the possibility of transport to or from the 
blood is eliminated (26), are also useful for clarifying the 
contribution of metabolism to the distribution of non-inert 
substances. These techniques permit study of the effects of 
substrate concentration (saturation), the inhibition of transport by 
chemically related compounds (competition), the effects of metabolic 
inhibitors (energy dependency) and the transport of structurally 
related tracers (selectivity). 


Conversely, the rate of loss of intravitreally injected tracers 
from the eye can also be used as an indication of facilitated 
transport processes across the BRB system. This approach is most 
effective when the loss of a putative transport substrate is 
directly compared to the rate of loss of a simultaneously injected 
tracer of similar molecular weight which is known not to be a 
substrate for transport processes (27). 


These approaches have been used extensively to elucidate the 
permeability and transport properties of the anterior uvea (44, 67), 
but only very recently have they been directed primarily toward 
clarifying the properties of the BRBs (91, 16). 
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3b. In vitro evidence for transport. It has been well estab- 
lished that tissues that have secretory or absorptive transport 
functions, such as the kidney cortex (37), choroid plexus (39, 88), 
or anterior uvea (4), tend to accumulate certain substances in vitro 
against an apparent concentration gradient, i.e., yielding tissue- 
to-medium (T/M) accumulation ratios greater than unity. Incubation 
of tissues with isotopically labeled substrates thus provides a 
means to survey large numbers of tissues for transport activity, to 
screen for inhibitors, or to study the specificity and kinetics of a 
transport system. Such in vitro accumulation techniques have been 
used successfully in studies on the anterior uvea for two decades 
(5), but have only recently been applied to isolated preparations of 
the retinal vasculature (9, 62) and choroid (17). 


Interpretation of the concentrative accumulation of some sub- 
stances, such as those which are normally present in high concen- 
trations in all cells (e.g. potassium and amino acids) or solutes 
which can be incorporated into macromolecules or chemically altered, 
may be ambiguous or require chemical identification of the accumu- 
lated tracer. In general, in vitro concentrative accumulation 
should be regarded as only an initial indication of transmembrane 
transport, which must then be supported by other in vivo or in vitro 
evidence. 


Accurate in vitro transmembrane tracer-flux measurements under 
short-circuited conditions represent the ultimate proof of, and the 
best means for quantifying any transmembrane transport system and 
its energy dependence. Modifications of the classical Ussing 
chamber, first developed to study electrolyte transport across the 
frog skin (102), have been used to measure the electrolyte transport 
functions of the anterior uvea (33, 64, 65) and, more recently, the 
retinal echoroid (C77, 79, 96,- 106). It must be borne in mind, 
however, that the trauma of the isolation procedure and the altered 
electrochemical environment may well alter permeability and 
transport processes. Thus, even the most rigorous in vitro study 
must be supported by in vivo observations before its physiological 
significance can be considered. 


4, Active and Facilitated Transport of Solutes 
Across the BRB System 


The steady-state distribution of the major solutes in the 
agueous, vitreous and blood plasma of a variety of species is 
presented in Table 1. As can be seen, many solutes show significant 
concentration differences between IOF compartments and/or between 
these compartments and blood plasma or blood plasma dialysate. 
Although there is considerable variation among species, some typical 
patterns are readily apparent. 
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4a. Sodium, chloride and bicarbonate. These are the major 
electrolytes in all ECFs, and one or more of these ions is clearly 
involved with aqueous production in any given species (36). These 


are also among the best studied ions with respect to the transport 
function of the ciliary processes (36, 66, 74) and the retinal 
choroid (96). There is, however, no indication that retinal ECF is 
uniquely different from the ECFs of other tissues with respect to 
the concentration of these ions. 


Since sodium makes such a large contribution to the total 
osmolality of ECFs, its concentration in a typical ECF is unlikely 
to differ by more than a few percent from that of plasma and, since 
the concentration of sodium is well controlled in the blood, a need 
for further control at the BRB level is not evident. Furthermore, a 
rapid osmotic flux of water was found to occur across the blood- 
brain barrier (54) and can be expected to occur across the BRB 
system. Thus, a net sodium flux across the BRBs sufficient to cause 
an osmotic gradient would result in a net water flux (see section 
4h) rather than in a significant steady-state ionic gradient across 
VnesSembarrucnrs. 


thes highest. osmolalitya warhine them Ors as) sfound = tnestne 
posterior chamber, where freshly secreted fluid is clearly hyper- 


osmotic to plasma (Fig..~1). The osmolality of the vitreous is 
lowest near the retina, suggesting that the ECF of the retina is 
iso-osmotic with, or may even be hypo-osmotiec to plasma. These 


osmotic gradients mitigate against net secretion of major electro- 
lytes or net osmotic fluid flow into the retinal ECFs through the 
BRBs, but are consistent with an absorptive transport of some major 
solutes at these sites associated with limited osmotic water flow 
from retinal ECF to blood. 


Since chloride and bicarbonate are the two major anions, their 
total concentration in any ECF must match the total cation concen- 


tration, and hence must essentially be fixed. However, the 
chloride-to-bicarbonate ratios in the aqueous, for example, do show 
significant species variations (47). Limited data on the vitreous 


indicates that both pH (95) and bicarbonate ion concentrations (45), 
especially near the retina, are generally lower than those of 
aqueous. This may be due to acid production by the retina (44), 
although in vitro studies indicate the existence of net, possibly 
seasonally variable, bicarbonate and/or chloride fluxes across the 
amphibian choroidal epithelium (96). 


Ub. Potassium. Potassium is one of the most precisely 
eontrolled. electrolytes in, the ECF of thes brain (22, 32). sand its 
concentration in CSF, especially in the sub-arachnoid space and, 
hence, presumably in the ECF of the cortex, is much lower than the 
simultaneously measured plasma Kt concentration (21). One would 
expect, therefore, that the retina also requires a low and well— 
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Fig. 1. Steady-state gradient of osmolality in the IOFs of dogs. 
Osmolalities of blood plasma and CSFs are also given for comparison. 
The freezing point depression of all samples was measured with an 
Advanced Osmometer (Advanced Instruments, Inc.). Abbreviations: 
LV, CM and SA represent CSF taken from the lateral ventricle, 
cisterna magna and the cortical subarachnoid space, respectively; 


P=eplasma, Acaqgueous, V=avavreous. Subseript o refers to the 
beginning of sample collection; a and p indicate anterior and 
posterior, respectively. Anterior and posterior segments of 


vitreous were obtained by rapid bisection of the freshly enucleated 
globe. Limits are S.E. of the mean; n > 6. (Modified from Bito, 
1977; see reference 16). 


controlled Kt milieu. 


Unfortunately, based on K* flux measurements on in situ "open 
eye" preparations, Noell (81) suggested the existence of an active 
K* transport from blood through the retina into the vitreous, a 
concept which was supported by the high vitreal K* value (9.5 
mmoles/kg H,0) reported by Reddy and Kinsey (92). This model, which 
Noell himself regarded as tentative, implied that K* concentration 
in the ECF of the retina was much higher than that in any other 
region of the brain. More recent studies on several mammals, 
including rabbits (12, 20), show that the K* concentration in the 
vitreous is much lower than that reported by Reddy and Kinsey, and, 
inwfacky, thacv the Kt concentration in the posterior segment of the 
vitreous adjacent to the retina is typically lower than that in the 
anterior region of the vitreous (Fig. 2B). 


To investigate the steady-state distribution of K* without the 
complicating factor of translenticular Ke fluxes, which may modify 
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Fig. 2. Steady-state concentration gradients of magnesiun, 
potassium and free amino acids within the IOFs of three mammalian 
species in relation to their concentration in blood plasma or 
plasma ultrafiltrate. Concentrations in CSFs are also given for 
comparison. Subscript D refers to measured or estimated dialysis 
value. For explanations of other abbreviations, see legend to 
Fig. 1. (Modified from Bito, 1977; see reference 16). 
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K* distribution within the IOFs (20), similar studies were done on 
rabbit eyes several weeks after the surgical removal of the lens 
(29). The concentration of K*t in the vitreous of these long-term 
aphakic eyes was found to be 22% lower than that of the contra- 
lateral phakic eyes, well below that of aqueous and plasma dialysate 
Kt concentrations and, in fact, very similar to that of CSF. These 
findings can only be accounted for by a net K* flux from the ECF of 
the retina to the blood across the BRBs. Since this flux is against 
a concentration gradient, the endothelial and/or the choroidal BRBs 
must have an active, absorptive Ke transport function (16). Absorp- 
tive transport of K° across the chorioretinal epithelium is support- 
ed by in vitro experiments on the frog choroid (96), and there is 
reason to believe that the mammalian choroid is functionally similar 
to that of the frog (97). It should be noted that the rate of Ky 
transport across the choroidal epithelium may vary with the physio- 
logical state of the retina (82). 


Recent experiments on preparations of isolated bovine retinal 
vessels indicate that the endothelial BRB may also have a transmural 
K+ transport function (9). As was pointed out in section 3, such in 
vitro studies cannot by themselves be regarded as proof of in vivo 
transport. However, in vivo evidence strongly suggests that 
cerebral capillaries have a transmural absorptive Kt transport 
activity (21, 22), so that similar transport across retinal 
capillaries might be expected to occur. 


4c. Calcium and Magnesium. Cat*t+ concentration in the IOFs is 
close to the measured or calculated plasma dialysate Catt concen- 
tration, and concentration gradients of this cation within the IOFs 
are, in general, small. This suggests that freshly-secreted aqueous 
has a Cat* concentration similar to that of plasma ultrafiltrate and 
that there is little or no further net Ca** flux across other 
regions of the BRB system. However, in Ussing chamber experiments 
on frog choroid, Miller and Steinberg (80) found a net Ca*t flux of 
5.9 nM/cm? per hr oriented toward the retina. At present, the 
significance of this observation is not clear. 
In dog and rabbit IOFs, Mg**t concentrations show the following 
relationships: posterior vitreous > anterior vitreous > plasma 
dialysate > posterior aqueous = anterior aqueous. All cat IOFs have 
a curiously low Mgt* concentration, lower than plasma dialysate. 
Still, even in this species, the Mg** concentration in the vitreous 
near the retina is significantly higher than that of the posterior 
agueous (Fig. 2A; 16). The IOFs of chickens show even more pro- 
nounced Mg** concentration gradients and higher Mg** concentrations 
near the retina (98). Mgt* is present in similarly high concentra- 
tions in the CSF of all mammals studied and may be involved with the 
moderation of central excitability (11, 32). 
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Since there are no in vitro studies on Mg** fluxes across any 
region of the BRB system, the site of Mg** transport processes can 
only be postulated on the basis of in vivo steady-state Mg 
concentration gradients. The following is a working hypothesis of 
Mg*t transport systems in the eye: In most vertebrates, but cer- 
tainly in all mammals, active secretory transport of Mg * across the 
choroidal epithelium, and perhaps across the retinal vessels, 
maintains a Mg** concentration in the ECF of the retina that is 
significantly greater than that of plasma dialysate or freshly 
secreted agueous. In species that do not have an euangiotic retina, 
the Mgt level in the whole vitreous tends to be elevated in order 
to maintain a high Mg*t concentration in the ECF of inner retinal 
layers. This may be accomplished by the active secretion of Mgt* 
into the vitreous by the choroid, by preretinal blood vessels, or by 
a pecten or similar vascular structure which projects into the 
vitreous of some birds, reptiles and fishes. 


Alternatively, in euangiotic retinas, active secretory 
transport by the choroid could be combined with some reabsorption of 
Mgtt+ by retinal capillaries located near the inner retinal surface, 
so that a high intraretinal Mg** concentration would be maintained 
with little or no elevation in the Mgt concentration of the 
vitreous. Such mechanisms could account for the low vitreal Mg 
concentration observed in the cat eye without necessarily implying 
that “thes ECE “of them felliine  reti mas hase ae Unt tiel wo wesc: 
concentration. However, the possibility that the ECF of the retina 
of cats and other nocturnal animals is deficient in Mgtt may also be 
considered since low retinal Mg** levels may maintain the retina in 
a more readily excitable state. 


4d. Ascorbic acid. Because ascorbic acid is actively 
transported by the ciliary processes into the posterior chamber (7), 
its concentration in the aqueous humor of most species, including 
man, is very high (10-25 mg/100 ml), as much as 30 times that of 
blood plasma (45). Although its concentration in the vitreous was 
stated to be lower than that of aqueous (44), in guinea pigs (59) 
and in both hibernating and normothermic woodchucks (25), the 
concentration of ascorbic acid has been found to be somewhat higher 
in the vitreous than in the aqueous. 


In some other species, the aqueous ascorbate concentration is 
relatively low, and in rats it was reported to be non-detectable 
(45). Yet, the vitreous of even this species has a measurable 
amount of ascorbic acid (35); its retina contains a very high con- 
centration of ascorbate (61), comparable to that of other mammals 
(59), and accumulates ascorbic acid against a concentration gradient 
alta, Walieerey (((E{0))) - 


Thus, active ascorbic acid transport into the IOFs may be 
related primarily to some requirement of the retina. Some species 
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may achieve a high retinal ascorbic acid concentration by elevating 
the ascorbic acid level in all IOFs, while other species, especially 
those that have an euangiotic retina, may do so by local transport 
across the BRBs and/or into cellular compartments. Studies on 
ascorbic acid transport across the endothelial or choroidal BRBs and 
more detailed studies on steady-state ascorbic acid concentration 
gradients within the IOF of mammals other than the rabbit will be 
required before the site(s) and physiological significance of ocular 
transport of this vitamin can be established. 


Ye. Glucose. We tend to assume that glucose must be trans- 
ported from blood into the ECFs of both the brain and retina in 
order to serve the nutritional needs of these metabolically active 
organs. While there is clearly a facilitated transport of glucose 
from capillaries into the brain (73), glucose in the CSF is main- 
tained at a value approximately 40% below that of blood plasma (72). 
This may be accounted for in part by active absorptive glucose 
transport from CSF into the circulation (38, 86). Such complex 
transport systems may be reauired in order to supply the metabolic 
needs of neural tissue while preventing build-up of high levels of 
glucose in the surrounding ECF during episodes of hyperglycemia. 


A similar situation may also exist in the eye. Under normal 
steady-state conditions, the glucose concentrations of the aqueous 
and vitreous are approximately 20% and 50% below that of blood 
plasma, respectively (45). Because these low values cannot be 
wholly accounted for by the metabolic activities of the lens (29), 
it is reasonable to postulate that retinal metabolism may also be 
responsible for the-normally low vitreal glucose concentration. 
That the retina can use glucose derived from the vitreous is clearly 
indicated by the rapid decrease in vitreal glucose concentration in 
both aphakic and phakic globes during ischemia (29). 


These findings imply that under steady-state conditions, there 
must be a rapid flux of glucose into the posterior chamber. JHow- 
ever, since glucose concentration in the posterior chamber is 
slightly below or equal to the plasma value (46, 92), there is no 
evidence that this secretory transport normally occurs against a 
concentration gradient. Based on these considerations and on in 
vivo isotope flux studies (50, 51), we can only conclude that 
glucose transport into the IOFs is a saturable, facilitated process. 


In vitro studies on isolated bull frog retinal choroid have so 
far yielded conflicting results. Zadunaisky and Degnan (106) found 
a net, phloridzin-sensitive flux of 3-0-methyl-D-glucose and D- 
glucose from the blood side to the retinal side through the frog 
choroid. Since Miller and Steinberg (78) were unable to confirm 
these findings, more work on choroidal glucose transport is clearly 
indicated. Special attention should be paid to the possibility that 
at least under certain conditions, such as during hyperglycemia, 
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transport of glucose at this site may be absorptive (from retina to 
choroid) rather than secretory. 


Experiments on isolated brain capillaries show a mediated 
glucose accumulation (10); isolated blood vessels of bovine retina 
show a similar capacity to accumulate hexoses (9). Whether this 
accumulation reflects an absorptive or secretory transport across 
the endothelial BRB remains to be established (see section 3). 


yf. Amino Acids. The pioneering work of Lajtha and his co- 
workers (70) on amino acid fluxes across the blood-brain barrier and 
between various compartments of the brain itself has revealed a com- 
plex system of transport processes. A similar, if not more complex 
situation exists in the eye. 


As is the case with CSF (72), most amino acids are present in 
the vitreous, especially in the posterior segment, at a concentra- 
tion much below that of blood plasma or plasma dialysate (16). In 
fact, the total amino acid concentration (non-protein alpha-amino 
nitrogen) of the posterior segment of the vitreous is only a frac- 
tion of that of blood plasma and is very similar to that of CSF 
(Fig. 2C; 16). The implied fact that the ECF of both the retina and 
brain have similar and very low amino acid levels is not surprising 
if we consider that many amino acids are neurotransmitters or "false 
transmitters," so that their concentration in the ECF of neuronal 
tissue must be limited in order to prevent interference with normal 
neuronal function. 


Reddy and co-workers (93, 94) have clearly shown that there is 
secretory transport of amino acids into the posterior chamber of the 
eye and absorptive amino acid transport from the vitreous to blood 
across the BRBs. In some species, secretory transport of some amino 
acids across the ciliary epithelium appears to be an active process; 
in other species, some, and possibly all amino acids may enter the 
posterior aqueous by facilitated transport (23, 90). 


Other in vivo experiments (91) on accumulation of amino acids 
in the vitreous of normal and sodium iodate-treated rabbits indicate 
that there is absorptive transport of amino acids across the BRBs 
located primarily at the choroidal epithelium. Measured fluxes of 
L-methionine and especially of taurine across the frog choroid, 
which were greater from the apical to basal than from the basal to 
apical side (78), support this conclusion. Ouabain-sensitive amino 
acid uptake into isolated blood vessels of the bovine retina has 
also been observed (9), suggesting that the endothelial cells of 
retinal vessels, like cells in general, transport amino acids. To 
what extent this transport contributes to the net flux of amino ac- 
ids into or out of the retinal ECF (see section 3) is yet to be 
determined. 
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It is safe to conclude that amino acids are transported into 
the IOFs by the ciliary processes and are continually removed from 
the IOFs by an active transport process across the choroidal regions 
of the BRB and perhaps across the endothelial regions as well. The 
possibility that some amino acids enter the retina through facilita- 
ted transport across one or both of these BRBs, as well as through 
diffusion from the vitreous, must also be considered. 


4g. The removal of potentially harmful substances from ocular 
ECFs. Since the first demonstration that some organic acids are 


removed from the eye by the ciliary processes (5, 55), the so-called 
organic acid transport system of the anterior uvea has been shown to 
consist of several separate but overlapping subsystems (1, 2, 4), 
and a very large number of other substances have been implicated as 
substrates for such transport processes (Table 2A). Since most of 
these putative substrates are not produced in the body, and since 
some of them have, in fact, only recently been synthesized, the 
physiological role of these absorptive transport processes has been 
repeatedly questioned (Kinsey, in discussion of paper by Forbes and 
Becker, 55; 34). 


More recently, it has been found that a class of biologically 
active substances, the prostaglandins (PGs), which are produced but 
not inactivated or destroyed by intraocular tissues, and which have 
an adverse affect on the eye when allowed to accumulate in the IOFs, 
are substrates for the absorptive transport functions of the blood- 
ocular barriers (13, 14, 17). Concentrative PG accumulation by in 
vitro anterior uvea obeys Michaelis-Menten kinetics (48) and is not 
dependent on chemical alteration or incorporation of the PG molecule 
(18). Furthermore, PG accumulation is inhibited by probenecid and a 
variety of other organic acids and by conditions that limit the 
availability of metabolic energy (17). It should be noted that 
thromboxane (TXB,) and prostacyclin (PGI,) are also accumulated by 
most PG transporting tissues, including the enterior uvea (49). 


Intravitreally injected *H-PGF, and !*C-sucrose are lost from 
the in vivo eye with half-times of “3 and 15 hr, respectively, and 
essentially none of the *H, but all of the '"C activity passes 
through the anterior chamber (27). Because the basic cell membrane, 
such as that of the rabbit erythrocyte, is completely impermeable to 
E and F PGs (19), and because the existence of transmembrane PG 
transport has been demonstrated in other in vitro and in vivo 
systems (17), it is safe to conclude that PGs are removed from the 
eye by facilitated or active transport processes. 


Yet, such a short half-time of elimination of intravitreally 
injected PGs cannot be accounted for by diffusion into the posterior 
chamber and removal by the ciliary processes. Instead, these 
results suggest the existence of facilitated or active absorptive 
transport across the BRBs (27). Preliminary experiments in our 
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Table 2. Demonstrated, putative or predicted substrates of the 
absorptive, detoxifying transport system of the anterior uvea 


and/or retinal choroid. 


A. A partial list of substances which are actively accumulated by 
the anterior uvea or which inhibit the concentrative accumulation 
of another substrate by this tissue. 


Substance References 
Acetazolamide 5 
Ben zmalacene 5 
Bromcresol green BHico 
Bromthymol blue 3,5 
Chenodeoxycholate 4 
Cephalothin acid 3 
Chlorothiazide 5 
Cholic acid Sy, OO) 
Deoxycholate 4 
Fluoroborate 6 
Fur semide 28 
Glychocholate 4 
Glycodeoxycholic 3 
Ibuprofen 28 
Indomethacin 24,28 
Iodide 6 
Iodipamide 4,24 
Iodohippurate 4 
Iodopyracet 5 


Substance References 
Iopanoic acid 3 
Nalidixic acid 3 
Naproxen 28 
Norobiocin 3 
Ox ybenbutazone 28 
PAH (p-aminohippurate) 99,5,6,3 
Penicillin 5 
Perchlorate 6 
Phenolsul fonphthalin 5 
Phenylbutazone 28 
Pirprofen 28 
Probenecid 3,5. 995245260 
Prostaglandins Simla 
Prostacyclin 17,49 
Pyrazinoic acid 3 
Thioc yanate 6 
Thromboxane-B, 17249 
Sul fobromophthalin 3 
Urate 5 


B. Some other substrates which are actively accumulated by the 
choroid plexus, and thus, by analogy can be assumed to be 
substrates for the detoxifying transport processes of the anterior 


uvea and/or retinal choroid. 


Atropine 88 
c-AMP 58 
Choline 39,72 
Decamethonium 39 
Dex trophan 39, 88 
Dihydromor phine 39,88 
Folate Te 
Hex amethonium 39 


Homovanillic acid 32,72 
5—-Hydrox yindole- 

acetic acid Beha 2 
Levor phan 39,88 


Lysergic acid 


diethylamide 88 
Methotrexate 39,72 
Methylatropine* 88 
Mor phine* 39, 88 
Nalorphine 39,88 
Nicotinamide 39 
Norepinephrine 39 
Phenol red BZ 
Serotonin 39 
Thiosul fate 39, 8&8 
Xanthine 39 


*In vitro accumulation of these substances may not reflect their 
in vivo absorptive transport (72). 
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laboratory (DiBenedetto and Bito, unpublished results; 17) indicate 
that the isolated rabbit choroid or choroid attached to the sclera, 
indeed accumulates *H-PG against a concentration gradient. This 
accumulation, like accumulation by the choroid plexus, is inhibited 
by probenecid or bromcresol green, suggesting that the retinal 
choroid does indeed have a PG transport function similar to that of 
the choroid plexus or anterior uvea. 


Although there is no direct evidence of active or facilitated 
PG transport across the endothelial BRB, recent results of Betz and 
Goldstein (9) on isolated bovine retinal blood vessel preparations 
Suggest that this vascular endothelium also possesses an organic 
acid transport system. Furthermore, Cunha-Vaz and Maurice (42) have 
observed that intravitreally injected fluorescein is removed by the 
"retinal capillaries" of the rabbit eye. Since there is reason to 
believe that PAH, fluorescein and PGs are all substrates for the 
same organic acid transport complex (17), it is reasonable to 
conclude that PGs and related compounds such as TxB, and prosta- 
eyclin are transported across the endothelial BRB as well as across 
the choroidal BRB and the ciliary epithelia. 


The physiological significance of ocular PG transport has been 
demonstrated by experiments which show that the adverse effects of 
intravitreally injected PGE, on retinal function, as measured by ERG 
and VER, are greatly enhanced by the systemic pre-treatment of 
rabbits with PG transport inhibitors (103). Since accumulation of 
PGs in the aqueous humor is associated with anterior uveitis and 
probably contributes to its onset (53), rapid and efficient removal 
of PGs across the BRB system can also be expected to have 
significance with regard to the anterior segment of the eye. 


Under normal conditions, PGs produced by the retina as a 
consequence of normal neuronal activity would be rapidly removed 
across the BRBs. Any PGs that elude this transport and hence 
diffuse into the vitreous would be prevented from entering the 
anterior chamber by the absorptive transport activity of the ciliary 
processes (27). It has been found, however, that following one 
episode of severe uveitis, there can be a long-term and possibly 
permanent blockade of anterior uveal PG transport capacity (15). In 
a like manner, local inflammation and/or other pathologies may block 
other sites of PG transport, including the endothelial or choroidal 
BRBs. Such blockade of local PG transport can be expected to render 
ocular tissues more vulnerable to local PG accumulations and hence 
may account for the progressive or recurrent nature of some ocular 
disorders. 


There are several other substances of biological importance 
which are actively accumulated by the anterior uvea in vitro and/or 
were found to be effective inhibitors of the accumulation of other 
compounds. These substances can be expected to be transport 
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substrates themselves (Table 2B). Two of them, penicillin and 
indomethacin, are worthy of special note, since absorptive transport 
of these substances may hinder their therapeutic delivery into the 
eye. 


Penicillin was found to inhibit the concentrative accumulation 
of iodopyracet by the rabbit anterior uvea (5) and thus it is likely 
to be a substrate for the organic acid transport system of this 
tissue. However, direct experimental evidence seems to be lacking. 
Rapoport (88) quotes a paper by Goldman, McLain and Smith (57) as 
having shown that accumulation of penicillin in the agueous is 
enhanced by probenecid. However, that paper only contains results 
on the effect of probenecid on aqueous humor ampicillin titers, and 
does not provide data on the effects of probenecid on blood levels 
of either of these drugs. Therefore, we cannot draw any conclusions 
from this paper concerning ocular transport of these antibiotics. 


Indomethacin was found to inhibit anterior uveal PG accumula- 
tion, and '*C-indomethacin itself is concentratively accumulated by 
the rabbit anterior uvea in vitro (28). However, actual trans- 
membrane transport of indomethacin has not been demonstrated in any 
organ system. Indeed, even in vivo evidence of rapid indomethacin 
removal from the eye would not be convincing since cell membranes 
appear to be highly permeable to this drug (19). 


More recently, it has been shown that tetrahydrocannabinol is 
also accumulated by the isolated rabbit anterior uvea and rapidly 
lost from IOFs (68). The significance of this finding is gquestion- 
able since it was not considered that cellular barriers may be 
sufficiently permeable to this drug to allow its rapid loss from the 
IOFs by passive diffusion. 


In summary, there is substantial evidence that the ciliary 
processes and the choroidal BRB, and circumstantial evidence that 
the endothelial BRB have absorptive transport processes which are 
capable of removing potentially harmful substances from the ECFs of 
the eye. While a large number of substances are potential sub- 
strates for these transport system(s), most substances tested thus 
far are not produced within the eye and are not normally present in 
the circulation. With the exception of studies on the PG transport 
system, there have been no attempts to demonstrate that these 
transport processes have a physiological function. Further in vivo 
and in vitro studies on these absorptive transport processes will be 
required in order to better understand ocular pharmacokinetics and 
the detoxification mechanisms responsible for maintaining a normal 
chemical environment within the retina. 


4h. Water flow and solute movements within the retina. In 
mammalian eyes, the ciliary processes are primarily responsible for 
net fluid production, and there is a bulk outflow through the 
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anterior chamber. In other vertebrate eyes, specializations of the 
retinal and/or optic nerve circulation, such as the pecten, conus 
ecapillaris or falciform process, which are very different from 
retinal capillaries in their fine structure and in permeability 
properties (8), may also play an important role in total IOF 
production. In the avian eye, for example, there is a continuous 
layer of liquid vitreous around much of the pecten and in front of 
the retina. The possibility that this liquid vitreous is produced 
by the pecten and flows over the retinal surface must be considered, 
especially since there is some evidence that the pecten has trans- 
port functions (30, 98). 


The existence of fluid flow from the posterior chamber through 
the vitreous and retina has been considered by several authors. 
Such meridional flow was described in the rabbit eye by Fowlks, 
Havener and Good (56), but was never confirmed or quantified. This 
flow, as well as fluid absorption in repair processes following 
retinal detachment or following experimental introduction of fluid 
into the subretinal "space" is assumed to result from the transport 
activities of the "retinal pigment epithelium" (107, 75). However, 
this cell layer should not be regarded as the only possible source 
of fluid transport in the retina. In fact, significant fluid 
movements could occur within the retina even without a net fluid 
flux between the vitreous and choroidal circulation. 


Sinee the net amount of uptake or loss of H,O across plasma 
membranes must differ in different regions of polarized cells, the 
Muller cells, which span most of the depth of the retina, could by 
themselves cause a continuous fluid flow through the retinal ECF. 
For example, a net flux of H,O from the subretinal space into the 
distal processes of the Muller cells would, under steady-state 
conditions, result in an equal volume of H,0 loss across some other 
region of the Muller cells. A net H,O flux into the vitreous across 
these cell processes and the conseguent net intracellular H,0O flow 
could be equalized by a net flow in the opposite direction through 
extracellular pathways (Fig. 3A). Water movements within and across 
the retina must be further complicated by metabolic processes which 
ean use or produce H,0, and by movement of free or bound H,0O from or 
toward the perikaryon due to axoplasmic flow. 


Local bidirectional fluid movements both within the cells and 
in the ECF compartments must also occur as a result of the ocular 
pulse transmitted primarily from the choroid, and/or as a result of 
cellular motility. Thus, the ECF compartment of the retina should 
not be regarded as narrow tortuous channels through which solutes 
pass by diffusion alone, but rather as a rapidly moving and highly 
dynamic system of continuously changing dimensions. The pattern of 
fluid flow depicted in Fig. 3A is only an example, and in fact, the 
direction and/or rate of H,O fluxes across any given region of the 
retina can be expected to be affected by metabolic activity, state 
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A) FLUID MOVEMENTS 
(hypothetical) 


| B) SOLUTE MOVEMENTS 
| (hypothetical) 


“Inner Limiting "Outer Limiting CHOROID 
Membrane" Membrane" 


Fig. 3. Fluid (A) and solute (B) movements through the retina. 
For simplicity, only the choroidal epithelium, some capillaries 
and portions of Muller cells and photoreceptors are shown. Arrows 
indicate some hypothetical sites where net fluxes may occur. See 
text for details. 
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of stimulation, hormonal influences, pathological state, etc. 


Intraretinal fluid flow in regions of restricted ECF passage, 
such as the "external limiting membrane" (which should really be 
called the external band of junctional complexes), must produce 
region(s) of negative tissue pressure relative to the surrounding 
areas. Under the hypothetical conditions described above (Fig. 3A), 
a region of low tissue pressure would occur in the subretinal space. 
Such low tissue pressure may contribute to and, in fact, could 
account for the maintenance of an apparent adherence between the 
retina and choroid. Reversal of the flow patterns through the 
Muller cells and/or through the choroidal epithelium could result in 
the accumulation of fluid in the subretinal space and thus cause 
separation of the retina from the choroid. 


Patterns of fluid flow are important with respect to the trans- 
port functions of the BRB system in that flow through the ECF space 
and through the Muller cells may play an important role in the 
distribution of nutrients and in the removal of potentially harmful 
metabolic products from avascular regions of the retina. In 
addition to bulk fluid flow, distribution of solutes within the 
retina can be expected to be aided by facilitated or active trans- 
port of solutes through cells which span considerable distances, 
such as the Muller cells, which span the whole depth of the retina 
(Figss 3B). Although the need for mechanisms, in addition to 
diffusion, that will distribute nutrients and remove potentially 
toxic metabolic waste products is especially apparent in the case of 
the very highly developed, much thicker, but avascular avian retina, 
the same mechanisms could play a role in the euangiotic retinas of 
mammals, including man. 


In summary, one may assume that there are fluid movements with- 
in the extracellular channels of the retina. In fact, it is almost 
inconceivable that this ECF compartment could be stagnant, or that 
the distribution of solutes within the retina, especially the 
avascular retina, could be dependent on diffusion alone. Pulsatile 
and unidirectional fluid movements, as well as active and facilita- 
ted solute transport processes across the plasma membranes of sup- 
porting cells, especially the Muller cells, must play an important 
role in the distribution of nutrients and in the removal of waste 
products from avascular regions of the retina. Although there is no 
available technology to test this hypothesis, observations that 
intravitreally injected horseradish peroxidase (HRP) passes through 
the ECFs of the retina all the way to the choroidal epithelium (85), 
while its passage in the opposite direction, i.e. from the sub- 
retinal space toward the vitreous seems to be hindered at the 
“external limiting membrane" (101), support the concept of ECF flow 
as depicted in Fig. 3A. A better knowledge of intraretinal fluid 
dynamics will clearly be required in order to understand the 
mechanisms underlying the development of retinal edema and the 
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accumulation and resorption of subretinal fluid, as well as retinal 
nutrition, detoxification and pharmacodynamics. 


5. Summary and Conclusions 


The micro-environment of the retina, which differs from plasma 
ultrafiltrate but closely resembles the ECF of other regions of the 
brain, is maintained by facilitated and active transport processes 
across one or more regions of the blood-retinal barrier system. 
This system includes the following barriers or transport sites: the 
capillaries of the retina, which are referred to as the endothelial 
barrier; the choroidal or chorioretinal epithelium (generally, but 
incorrectly referred to as the retinal pigment epithelium) called 
the choroidal barrier; and the epithelia of the ciliary processes, 
which are referred to as the ciliary barrier. The proven, apparent 
or predicted sites and directions of transport of some biologically 
important solutes across these regions of the BRB system were dis- 
cussed in section 4, and are briefly summarized here (Fig. 4). 


The active secretory transport of sodium, chloride and/or bi- 
carbonate by ciliary epithelia represents the main osmotic driving 
force for the production of aqueous humor.. While there is some 
evidence that these major electrolytes are also transported across 
the choroidal epithelium, their predicted concentration in the ECF 
of the retina is similar to that of ectodermal tissues. 


A net Kt flux from retina to blood and a net Mgtt flux in the 
opposite direction across the choroidal, and most likely, also 
across the endothelial BRB, provides a low K+ and high Met* extra- 
cellular environment in the retina, which presumably resembles the 
Kt and Mg** environment of other brain regions. Active secretory 
transport of Cat* across the choroidal epithelium is indicated by in 
vitro experiments, but a general pattern of in vivo IOF Ca** concen- 
tration gradients indicative of such a transport system has not 
emerged. 


Ascorbic acid is maintained in the IOFs of most, but not all 
vertebrates at a concentration several-fold higher than that of 
blood plasma by its active transport across the ciliary epithelia 
and, at least in some species, possibly also across the BRBs. Much 
of the total concentration of free amino acids present in the IOFs 
and at least some of the amino acids present in the retina are 
derived from the secretory transport activity of the ciliary pro- 
cesses. This transport (facilitated or active), together with 
absorptive transport of amino acids across the choroidal and 
possibly also across the endothelial BRBs creates a continuous 
"flow" of these important precursors through the retina. Thus, the 
retina is amply supplied with amino acids even though their concen- 
tration in the retinal ECF is maintained at a very low level, 
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Fig. 4. A schematic summary of the transport processes across the 
ciliary processes, retinal capillaries, and choroidal epithelium 
which contribute to the maintenance of a normal retinal micro- 
environment. Arrows pointing upward indicate proven or presumed 
active transport against a concentration gradient; horizontal or 
downward oriented arrows indicate facilitated transport. Arrows 
directed from blood (ciliary or choroidal stroma, capillary lumen) 
toward the vitreous or retina represent secretory transport; those 
pointing in the opposite direction indicate absorptive transport 
processes. See text for details. 
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presumably similar to its level in the brain. 


Several other classes of substances, most notably organic 
acids, are removed from the ECFs of the retina by active absorptive 
transport across the BRB system. Most of the known substrates for 
these transport functions, such as fluorescein, para-aminohippuric 
acid and iodopyracet, are not present in blood and/or are not pro- 
duced within the eye and therefore cannot be regarded as natural 
substrates for this presumed "kidney-like" detoxification system. 
In contrast, prostaglandins and some related compounds, which are 
produced but not metabolized within the eye and which cannot be 
expected to penetrate blood-ocular barriers passively, represent a 
major class of natural substrates for absorptive transport by the 
anterior uvea, retinal choroid and choroid plexus. Furthermore, 
inhibition of the PG transport process has been shown to enhance the 
adverse effects of PGE on retinal function. By comparison with the 
choroid plexus, we can expect that some other autacoids and 
neurotransmitters and/or their initial metabolites are also removed 
from retinal ECF by facilitated or active transport processes across 
the BRBs. Preliminary experiments indicate, for example, that both 
the anterior uvea and the retinal choroid have saturable concentra- 
tive transport mechanisms for cyclic AMP (F.E. DiBenedetto and L.Z. 
Bito, unpublished observations) similar to those described for the 
choroid plexus (58). 


This review clearly illustrates the complexity of the transport 
processes which are responsible for the maintenance of a normal 
retinal micro-environment. While each solute or class of solutes is 
handled by separate transport system(s), the following generaliza- 
tions or predictions can be made: The choroid is a site of secre- 
tory and absorptive transport in virtually all vertebrates but, by 
itself, cannot control the environment of the entire retina. The 
normal composition of the ECF of the inner layers of the retina must 
be maintained by transport across retinal capillaries and/or by 
modifying the chemical composition of the adjacent vitreous. This 
latter mechanism plays a primary role in species that do not have 
euangiotic retinas or that have avascular retinal regions. In such 
species, as a result of transport processes across the ciliary 
processes, preretinal capillaries, and/or special secretory organs 
which project into the vitreous, the composition of much of the 
vitreous differs greatly from that of plasma dialysate. Some meta- 
bolic precursors are clearly derived from the vitreous, even in 
species that have highly vascularized retinas, and in all species, 
solute exchanges between the retina and its adjacent vitreous can be 
expected to be of primary importance during episodes of acute 
ischemia. The distribution of solutes within, and their removal 
from, the retina is undoubtedly aided by bulk fluid movements within 
retinal ECF channels and by facilitated or active transport of 
solutes across the membranes of supporting elements such as the 
Muller cells. 
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DRUG EXCHANGES BETWEEN THE BLOOD AND VITREOUS 


David M. Maurice 
Division of Ophthalmology 


Stanford University, Stanford, California, U.S.A. 


The vitreous body, corresponding in function to the space 
between the lens and the film of a camera, is very properly 
ignored by most sensible people. However, as a large unstirred 
fluid space contiguous with the retina it provides unusual 
Opportunities for characterizing solute exchanges with the 
central nervous tissue and its vasculature and has attracted some 
attention from a limited number of investigators (1-10). 
Unfortunately, it is the nature of such a stagnant pool to 
provide excellent conditions for the growth of microorganisms 
whether introduced by trauma or the surgeon's knife. These 
infections are particularly resistant to chemotherapy, and so the 
question of drug exchanges between the blood and the vitreous 
body is of considerable clinical importance. 


The treatment of endophthalmitis has brought into being a 
considerable body of literature concerned with the intraocular 
kinetics of drugs injected systemically, around the globe, or 
into the chambers of the eye. These studies have generally been 
carried out on a pragmatic basis, and the experimental techniques 
that have been adopted frequently do not allow their results to 
be interpreted in any theoretical framework. This makes it 
difficult to compare the findings with different drugs or to 
relate them to their chemical properties. In particular it is 
not even possible to take the preliminary step of determining 
what proportion of the exchange takes place directly across the 
barrier between the vitreous and the retina and its blood 
vessels, and what indirectly with the newly formed aqueous humour 
at the base of the vitreous body. 
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In order to develop methods to elucidate this question, 
inert tracers, radioactive or fluorescent, have been used, since 
the measurement of drugs by bacterial or pharmacological assay is 
tedious and relatively inaccurate, especially at the low levels 
encountered. Two experimental situations have been studied: the 
penetration of solutes into the vitreous after systemic 
administration and the loss from the vitreous of material 
injected directly into it. The analysis is simpler in the latter 
case, and this will be considered first. 


LOSS FROM THE VITREOUS BODY 


Diffusion and Flow in Vitreous 


The vitreous body is a very loose structure containing only 
about 0.01% of collagen, which implies that the distance between 
its fibrils is of the order of 1-2 um (2, 26). These fibrils are 
braced apart by expanded hyaluronic acid molecules (26) which do 
not appear to offer a great resistance to the diffusion of small 
molecules, as indicated by direct measurements of its electrical 
conductivity (1) or of the diffusion of fluorescein within it 
(3) The observations on fluorescein show that the fluid is 
virtually stagnant; the suggestion that has sometimes’ been 
advanced of an appreciable backward flow would require the 
production of a volume of fluid by the ciliary body greater than 
that passing through the anterior chamber. In man some stirring 
of the fluid might be expected as a result of eye movements, 
especially in the elderly where the structure is liquefied. 


Diffusional Pathways 


As far as the experimental animal is concerned, loss from 
the vitreous will take place by diffusion, either relatively 
slowly over to the interface with the posterior chamber (Fig. 1a) 
Or more quickly across the shorter path to the retinal surface 
(Fig. 1b). The rate of loss to be expected by the operation of 
the former pathway alone has been solved by means of a thermal 
analogue and was calculated to be 0.15/day in the case of serum 
albumin (2). In the case of the latter pathway, recourse has 
been made to mathematical approximations based on simplified 
models of the vitreous geometry (9). On the assumption that the 
resistance offered by the retinal surface is negligible so that 
the concentration at this surface is zero, the rate of loss can 
be calculated to be about 10 times greater than that possible 
through the anterior route. 
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Figure 1. Illustration of the two principal pathways of loss 
from the vitreous body: a, anterior route via drainage of the 
aqueous humor; b, across the retinal surface. 


Measurement of Loss 


The rate of loss of a tracer injected into the vitreous can 
be determined experimentally by collecting and analyzing the 
fluid at various periods thereafter. It is more economical of 
animals to follow the drop in concentration in a single eye with 
an external counter for radioactive tracers (1,2,4,5,6) and with 
a slit-lamp fluorophotometer for those which are fluorescent (9). 
This is generally not possible when drugs are used. 


For all test substances the fall in concentration has been 
found to be exponential for as long as it can be followed, up to 
20 days in the case of albumin. The rate of loss for this 
substance averaged 0.16/day (4 days half-life), similar enough to 
the value derived from the thermal analogue to encourage the 
belief that it was leaving the vitreous body entirely by the 
anterior route. 
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Aqueous Outflow 


There is another, more direct, approach to estimating the 
amount of tracer diffusion forward into the posterior chamber. 
In order to leave the eye this material must enter the anterior 
chamber and be removed by the well established aqueous humor loss 
mechanisms, principally drainage through the angle of the eye 
but also diffusion across the iris. Where the coefficient of 
outflow from the anterior chamber, ko, is known, the loss of 
material from the eye is given by koCa, where Ca is its 
concentration in the aqueous humor. The total amount of material 
dissolved in the vitreous is its average concentration multiplied 
by the vitreous volume, CyVy- Then the proportion of the 
vitreous decay constant represented by anterior diffusion is 
given by 


o“a 
Kyaenic (1) 
vev 
The quantities ky, ko and Vy might be expected to remain 
constant with time, and measurements of the ratio Cg/Cy show 
that it does indeed remain constant for various tracers as they 
leave the eye (1,2,9). 


Using the value of kg corresponding to bulk outflow, ky 
can be plotted against C3/Cy (Fig. 2). Substances that have 
experimental values falling on this line must leave the vitreous 
almost entirely by way of the aqueous humor (15). In the 
literature, figures are available for sucrose (7) and albumin (2) 
which place them in this category. Data has also been provided 
for hyaluronic acid in the owl monkey which also falls on the 
same base line (11). Although the geometry of the eye differs, 
some confidence can be placed in this point because the half-life 
has been reported to have the same value, two weeks, in the 
rabbit as it does in the monkey (14). 


The thermal analogue mentioned before allows the decay 
constants for vitreous loss to be related to the diffusion 
constant of the injected material. These diffusion constants can 
be converted to the approximate molecular weights, assuming free 
diffusion in the vitreous body, and an excellent correspondence 
with the experimental data is shown. 
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Figure 2. Relationship between the average concentrations in 
aqueous and vitreous humors, Ca/Cy, of substances leaving the 
eye principally through the anterior chamber after vitreous 
injection and their rates of loss from the vitreous, ky- The 
straight line represents a theoretical relationship for loss only 
through the anterior chamber. Experimental values are shown for 
22Na, 82pr, [14cJsucrose (Se and (131 Jalbumin 
(A) in the rabbit and for hyaluronic acid (HA) in the owl monkey. 
The data were recalculated and replotted where necessary to find 
Cy and ky. Limits indicated for albumin and sodium are 
extreme values. 
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Retinal Loss 


A number of tracers give experimental points lying below the 
line of simple aqueous outflow, indicating that there is a 
component of loss across the retina. The two ions Na and Br fall 
a short distance below the line, and for these the retinal loss 
is not overwhelming, being 60% of the total for the former (1) 
and 50% for Cl (12). Three substances, iodide (5), iodopyracet 
(6), and fluorescein (3), fall very much off the line and have a 
markedly lowered aqueous-to-vitreous concentration ratio (Fig. 
3). For these substances the retinal surface has to be the major 
pathway out of the vitreous. The rate of loss, a half-life of 
2-3 hr, is considerably faster than that corresponding to 
anterior diffusion but is not as rapid as would be expected if 
zero concentration were maintained over the entire retinal 
surface. Slit-lamp fluorophotometry within the vitreous body 
shows that the concentration of fluorescein is not zero at the 
retina; however, there is a gradient from the lens to the retina, 
confirming the existence of the outflux of the dye across this 
surface (3). As a result of saturation or by the use of 
competitive or metabolic inhibitors, the rate of loss of these 
three substances can be slowed and their aqueous’ humor 
concentrations raised such that the experimental data point 
almost falls on the line corresponding to aqueous outflow. Thus 
it appears that the low concentration at the retinal surface is 
maintained by an active transport mechanism. This has been 
confirmed in the case of these substances by showing that they 
cannot penetrate the vitreous from the blood and that loss across 
the retinal surface takes place against a _ considerable 
concentration gradient (3,5,6). 


Drugs 


There are several series of measurements on the decline in 
concentration of drugs injected into the vitreous body of the 
rabbit's eye (15). In a few of these the aqueous-vitreous 
concentration ratio was established also (16-20), and these are 
displayed in Fig. 4. It is seen that sulphacetamide and 
Streptomycin leave only by way of the aqueous humor, whereas 
penicillin and novobiocin appear to be lost predominantly across 
the retinal surface. 


Rapid passage across the retinal barrier can be mediated by 
active transport as already noted, but it could also be a result 
of lipid solubility of the drug, which allows it to pass through 
cell membranes. In the case of penicillin it is more probable 
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Figure 3. Relationship between the average concentrations in 
aqueous and vitreous humors, Ca/Cy, of substances actively 
transported across the retina after vitreous injection and their 


rates of loss from the vitreous, ky- The straight line 
represents a theoretical relationship for loss only through the 
anterior chamber. Experimental values for fluorescein, 


p1317] jodopyracet, and 131] in the rabbit are 
represented by the symbols F, IP, and Il. The data were 
recalculated and replotted where necessary to find Cy and ky. 
The limits shown for F and IP correspond to extreme values. The 
value of Ca was reported to be zero for IP and the arrow symbol 
corresponds approximately to the lower limit of sensitivity of 
detection. The points joined to the symbols by lines show the 
experimental values on inhibition of the transport mechanism. 
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Figure 4. Plot of experimental values of ky and C,/Cy for 
antibiotics injected into the rabbit vitreous body. Data were 
collated from the following, sources: sulfacetamidel6,17; 
streptomycinl8, penicillint!/,20; and novobiocinl9. 
. The first two drugs appear to leave the vitreous through the 
anterior route, and the latter two leave across the retina. 
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that active transport is involved both because this drug has been 
found to inhibit the loss of fluorescein and because its 
partition coefficient does not indicate lipid solubility. There 
appears to be no such data readily available for novobiocin. 


For the majority of intravitreally injected drugs only the 
half-life in the vitreous was measured. These results are 
displayed in Table I. The longer-lived ones have decay constants 
and molecular weights consonant with simple aqueous humor loss. 
The ones that leave quickly can only do so by taking the short 
diffusion path across to the retina. Apart from the two 
extremes, there would seem to be a number of drugs that leave by 
both pathways to a comparable degree. 


TABLE I 


RATE OF LOSS OF DRUGS FROM VITREOUS OF RABBIT 


Major route of loss Drug Half-life 
(Assumed from half-life) (hr) 
Tobramycin 30 
Gentamycin 20 
Anterior Chamber 
Streptomycin 20 
Sul facetami de aby 
Kanamycin 10 
Novobiocin 7 
Retina Methicillin 6 
Pencillin 5 
Carbenicillin Sly ec 
Clindamycin 3 


Dexamethasone eh 
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PENETRATION OF VITREOUS BODY 
Penetration Kinetics 


Essentially, the kinetics of penetration from_ the 
bloodstream are the same as those of loss from the vitreous body. 
Substances can enter either directly across the retinal surface 
or indirectly from the posterior aqueous humor. The time 
constants corresponding to either pathway would be expected to be 
the same in both directions. From the experimental point of view 
investigation of penetration is more complex. First, instead of 
the concentrations in the blood and freshly-formed aqueous humor 
being zero at all times, they are subject to constant change, 
even if attempts are made to hold them at a fixed level. This is 
particularly the case in the initial stages of the introduction 
of the tracer into the blood stream at which time the penetration 
is also the fastest. Mathematical (1) and electrical (12) 
analogues have been used to treat this situation, but they rely 
on experimental data in the form of analysis of fluid tapped from 
the posterior chamber. Second, analysis of the data requires a 
knowledge both of the steady state level of the tracer in the 
newly-formed posterior aqueous and of the steady’ state 
concentration ratio between blood and vitreous across the retina, 
which can be influenced by protein-binding as well as active 
transport. Third, whereas in the loss experiments the bulk of 
the tracer is in the center of the vitreous where it can be 
easily collected, it tends to be more toward the surfaces during 
penetration (Fig. 5). This makes for potential problems when 
only partial sampling of the humor is carried out. 


Figure 5. Penetration of drugs into the vitreous (a) when 
there is an active transport mechanism removing the drug across 
the retinal surface (b) with entry both from the ciliary body 
and across the retina. 
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Tracer Studies 


The literature on the penetration of inert tracers into the 
vitreous of rabbits is sparse. The accumulation of radiosodium 
has been measured (13), and in spite of the difficulties listed 
above the time constant of the penetration is almost identical 
with that found for loss, and the same is true for bromide (4). 
An interesting result with the very lipid-soluble ethyl-thiourea 
can be noted (10), which enters with a half-life of about 1 hr. 
This is about the quickest possible rate of penetration if entry 
is limited solely by the diffusional resistance in the vitreous 
body, and it appears that the retina offers no barrier in this 
case. 


At the opposite extreme, fluorescein does not enter across 
the retina to any measurable extent. The dye that penetrates 
from the posterior chamber, which can be distinguished by 
plotting concentration contours (3), is transported out across 
the retina before it can diffuse a great distance into the 
vitreous body. 


Drug Penetration 


In contrast to the few studies on inert tracers there have 
been many series of experiments on the _ penetration of 
systemically administered drugs into the eyeball and into the 
vitreous body, most of which have been listed by Barza (21). 
Because of the generally low concentration in the eye, the 
uncertainties inherent in biological assays, and the rapidly 
falling blood levels generally encountered in these studies, it 
is impossible to carry out a kinetic analysis of the data in 
nearly every case.- In some instances one is able to arrive at a 
rough estimate of the steady state ratio between the vitreous 
humor and the blood, a figure whose value is enhanced if the 
degree of plasma protein binding of the drug is_ also 
established. 


In theory, it should be possible by means of this data to 
decide whether a drug which is found to be lost across the retina 
after intravitreal injection is being transferred by active 
transport or as a result of its lipid solubility. In the case of 
active transport the penetration from the blood should be small, 
as with fluorescein; in the case of lipid solubility the 
penetration should be rapid and a high level in the vitreous body 
should be found. In fact, the yield of useful results is small. 
Of the drugs listed in Table I, the penetration of only five 
seems to have been investigated. Because the plasma levels have 
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not been always determined, the peak vitreous concentrations are 
compared to the total dose in Table II. No correlation between 
penetration and loss rates is evident. The entry of about 
one-half the drugs tested is below the level of sensitivity of 
the assay that is used. Since this usually involves. the 
inhibition of growth of a similar microorganism, the results have 
some practical value in determining which drugs are likely to be 
of therapeutic interest in man. Those drugs that do enter 
generally show a short-lived peak in the vitreous fluid during 
the first and second hours. This peak probably results from a 
combination of the pulse-delivery effect of the rapidly dropping 
plasma concentration and the inadequacy of a control tap as a 
sample of the entire volume, alluded to earlier. 


TABLE II 


COMPARISON OF RATE OF LOSS OF DRUGS FROM VITREOUS OF RABBIT 
AND RATE OF PENETRATION FROM SYSTEMIC DOSE 


Drug Loss Penetration 
Half-life (hr) Max. Conc. x 100,000 
Total Dose 
Gentamicin 20 ah 
Streptomycin 20 933 
Methicillin 6 “te a 
Penicillin 4 i 
Carbenicillin 2.5 <os ss 
28 


Clindamycin 3 2 
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Penicillin 


In the case of this substance a number of workers have 
measured the changes with time of the concentration in the 
vitreous, as well as that in the aqueous humor and plasma. 
Studies after both intravenous and intramuscular or subcutaneous 
injection have been published (22,23,24,25). There is little 
concordance between their results, even in the changes in blood 
concentration, but as a very rough consensus it would appear that 
the plasma-to-vitreous concentration ratio, when the latter 
peaks, is of the order of 10:1. This steady state figure is 
Supported by studies with a depot penicillin, which gave a very 
Slow decline in concentration and a plasma:aqueous:vitreous ratio 
of 10:3:1 (23). The proportion of free penicillin in the plasma 
is close to 40%, and this would make the steady state level in 
the vitreous 25% of the free drug in the plasma. 


If penicillin crossed the blood-vitreous barrier by virtue 
of its lipid solubility, the level should approach 100%. There 
is some support from the penetration data, then, for the 
conclusion that a unidirectional transfer is taking place at the 
retinal boundary. 


CONCLUSIONS 


It would be useful to know about the mechanisms by which 
drugs pass across the retinal barrier in order that the chemical 
properties or molecular’ structures which lead to-_ rapid 
penetration could be identified and incorporated in _ new 
antibiotics. It is possible, also, that these findings could be 
applied to drug penetration into the brain. 


From a study of the literature I have concluded that, for 
technical reasons, observations on the loss of a drug injected 
into the vitreous body give more useful information than those in 
which penetration from the blood is observed. It would be 
valuable to have the penetration data in addition, but workers in 
the field could make their results more interpretable by the 
design of their experiments. In particular, it would be an 
advantage if, instead of following a clinical modality of 
treatment, an attempt was made to maintain a steady level of the 
drug in the blood and the rise in concentration in the humors 
toward steady state was followed. 
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DRAINAGE OF INTRAOCULAR FLUIDS 


Anders Bill 


Department of Physiology and Medical Biophysics 
Uppsala University, Box 572, Uppsala, Sweden 


The fluids that will be considered in this communication are 
the tissue fluids of the uvea and the retina and the vitreous and 
aqueous humors. Retinal tissue fluid and the vitreous and aqueous 
humor are very special fluids located outside barriers with a low 
permeability to most solutes. In the choroid and the ciliary pro- 
cesses on the other hand the capillaries have a high permeability 
to all low molecular weight substances (Térnquist, Alm and Bill, 
1979). As a consequence the tissue fluids in these regions are 
practically at equilibrium with the plasma with regard to most low 


molecular weight solutes and contain considerable quantities of 
plasma proteins (Bill, 1968a, b). 


In most tissues where there is leakage of plasma proteins 
into the tissue fluid there is a drainage of such fluid by the lymph 
vessels. In the eye there are no lymph vessels and there is thus a 
need for drainage of tissue fluid in some other way. An essential 
factor here is the intraocular pressure, which enables a continuous 
flow of aqueous humor into the extraocular veins and leakage of 
modified aqueous humor and tissue fluid into the extraocular tissues. 


Much of our knowledge about fluid dynamics in the eye comes 
from experiments in animals. Such studies have demonstrated very 
clearly that there are important differences between primates and 
lower animals such as cats and rabbits and there are probably im- 
portant differences also between sub-human primates and man. 


THE CHOROID 


In rabbits there is an outflux of IgG from the choroidal vessels 
that corresponds to about 0.06 ul plasma/min (Bill, 1968a). The con- 
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centration of IgG in choroidal tissue fluid is about 50 % of that 

in plasma (Bill, 1968b). Then if it is assumed that the IgG leaves 
the eye by tissue fluids flow - this flow would correspond to about 
0.06/0.5=0.12 ul/min. A similar amount may come from the ciliary 
body. The routes involved in the drainage of these fluids were in- 
vestigated both with dyes and radioactively labelled albumin (Bill, 
1964). Small amounts of fluid were injected into the suprachoroid 
through a needle via the cornea and sclera. Albumin-bound Evans 

blue could be seen passing through the sclera at a low rate around 
the site of injection. With larger amounts injected there was almost 
immediate drainage also around the nearby vortex vein. These results 
indicated that even high molecular weight substances can pass out 

of the eye by filtration and diffusion through the scleral substance 
and also by flow via perivascular spaces. With radioactively labelled 
albumin it was possible to demonstrate that after leakage through 
the sclera the macromolecules entered the lymph vessels of the con- 
junctiva and were returned to blood via the lymph vessels. 


The relative roles of the perivascular spaces and the scleral 
substance in the normal drainage of ocular tissue fluid are not 
clear. In vitro experiments have been performed to study diffusion 
through the sclera (Maurice and Polgar, 1977). Diffusion seems to 
be influenced both by steric hindrance and negative charges in the 
selera. 


An attempt to determine the hydrodynamic conductance of the 
sclera under in vivo conditions was made by Kleinstein and Fatt 
(1977). They applied a suction device over a small part of the 
sclera and determined the relationship between flow and suction 
pressure. They calculated that under normal conditions there could 
be a flow of about 1.1 ul/min through the sclera. This flow most 
probably did not include movement through perivascular spaces. 


Fig. 1 illustrates one of the problems encountered in in vitro 
experiments with the sclera. Scleral pieces were incubated with a 
mixture of 125I-myoglobin and 131I-albumin. Both substances entered 
the sclera rapidly over the first 30min and there was thena slow in- 
crease in concentration over many hours. There was also an increase 
in weight of the scleral pieces. Such swelling of the sclera in vi- 
tro complicates interpretation and prevents compartmental analysis. 


I have tried to measure the pressure at the tip of a cannula 
introduced into the suprachoroid before, during and after infusion 
of a small amount of 3 % albumin. The animal was under general an- 
esthesia and treated with i.v. indomethacin (20 mg/kg b.w.) and no- 
vesin topically to prevent as much as possible inflammatory changes. 
Before the infusion was started the pressure in the suprachoroid was 
1-5 cm lower than the intraocular pressure. An infusion of 0.25 ul/ 
min increased the pressure to a level 4-10 cm higher than the intra- 


DRAINAGE OF INTRAOCULAR FLUIDS 181 
ng 
500 _B'251-myoglobin| 139 m a 
“ 120 8 
WwW 400 #'IT- albumin L149 2 a 
x “ 100 & 
“ 300 m 
z 
W 200 
= Zz 
oO | 
a@ 10 > 
> 


1 2 3 4 24 hours 


Fig. 1. Accumulation of labelled albumin and myoglobin in rabbit 
sclera. Incubation at room temperature in 3 % serum albumin 
in saline. The change in weight is also shown. 


ocular pressure. After infusion the pressure fell to a level almost 
identical with the intraocular pressure and the difference between 
the two pressures was less than 1 cm HoO for more than 10 min. Evans 
blue was observed in the whole suprachoroid of the quadrant of in- 
fusion and passed through the sclera - near as well as far from the 
needle tip. These admittedly crude experiments confirmed the obser- 
vation of van Alphen in cats (1961) that the suprachoroidal pressure 
is lower than the intraocular pressure and suggest that under con- 
ditions of increased leakage from the choroidal vessels the pressure 
in the suprachoroid and choroid can build up to levels higher than 
the intraocular pressure. Direct measurements of the pressure in the 
conjunctiva with a fine needle resulted in values between O and 1 cm 
sO). 

2 


We may conclude then that in rabbits there is a need for drain- 
age of tissue fluid from the suprachoroid and that such drainage 
seems to occur through the scleral substance as well as through 
perivascular spaces. 


The pressure difference existing between the suprachoroid and 
the extraocular tissue is a prerequisite for the drainage of uveal 
tissue fluid. It is not surprising then that in hypotonic eyes there 
is strong tendency to fluid accumulation in the suprachoroidal and 
supraciliary spaces and choroidal detachment. The elasticity of the 
uvea in such a situation may even tend to cause a subatmospheric 
pressure in the suprachoroid (Moses, 1965). 


In primates and cats the pressure difference between the ante- 
rior chamber and the suprachoroidal space results in significant in- 
flow of aqueous humor from the anterior chamber into the supracho- 
roid as will be discussed later. 
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THE RETINA 


In the retina there are narrow spaces between the cells and 
these spaces contain small amounts of tissue fluid. Very little is 
known about this fluid but a number of suggestions can be made con- 
cerning its origin and fate. Experiments by Smelser, Ishikawa and 
Pei (1965) and Peyman and Bok (1972) have demonstrated that ferritin 
and horse radish peroxidase injected into the vitreous humor can 
pass between the cells of the retina up to the pigment epithelium. 
The inner limiting membrane of the retina thus is no efficient bar- 
rier between the vitreous and retina. 


The density of the retina is slightly higher than that of the 
vitreous. Then if there were free communication between the poten- 
tial space inside the pigment epithelium and the vitreous and no 
drainage through the pigment epithelium the force of gravity would 
result in retinal detachment - at least under conditions of liqui- 
fied vitreous. This problem was considered some years age by Maurice, 
Salmon and Sauberman (1971) and Fatt and Shantinath (1971). Maurice 
et al. worked with the hypothesis that there might be a flow from 
the vitreous into the choroid and that under such conditions the 
pressure just inside the pigment epithelium should be somewhat lower 
than that in the anterior chamber. They implanted a tubing between 
the pigment epithelium and the photoreceptors and measured the two 
pressures but found no difference. The approach of Fatt and Shantinath 
was indirect. They determined the density of the retina and the vit- 
reous and the hydraulic conductance of the retina. They could then 
calculate the pressure difference across the sensory retina that 
would be required to keep the retina in place. It was very low in- 
deed. About 0.1-10 3 mm Hg. The negative result of Maurice et al. 
then becomes less surprising - such a small pressure difference could 
not be determined experimentally. 


According to Fatt*s hypothesis the hydrostatic pressure dif- 
ference alone could result in sufficient flow from the vitreous 
body through the retina into the choroid and out through the sclera. 
The presence of colloids in the choroid adds another driving force- 
a difference in colloid osmotic pressure across the pigment epithe- 
lium which in rabbits is about 10 mm Hg. In addition there will be 
small differences in the concentration of glucose across the pig- 
ment epithelium which also will have an osmotic effect tending to 
cause reabsorption into the choroid. The pigment epithelium has 
systems for active transport (see Miller, Steinberg and Oakley, 
1978) but it is not clear if these are engaged in transporting fluid 
out of the retina. The sodium pump is in fact transporting sodium 
from the choroidal side into the retina. All the evidence taken to- 
gether suggests very strongly that the sensory retina is sucked 
against the pigment epithelium by osmotic and colloid osmotic forces. 
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An interesting observation concerning the movement of water 
through the retina was reported recently by Marmor (1979); injection 
of 50 pl 500 mOsm NaCl solution into the vitreous humor resulted in 
retinal detachment. The injection no doubt made the tissue fluid of 
the retina hypertonic compared to the tissue fluid in the choroid 
and probably reversed the normal movement of water through the pig- 
ment epithelium. 


The quantity of fluid leaving the retina for the choroid per 
minute is not known. It is probably very small. The fluid most pro- 
bably comes from the posterior chamber. It is of some interest then 
that the movement of the aminoacid cycloleucine from the posterior 
chamber into the vitreous humor is not appreciable affected by a 
rise in IOP (Bill, 1969). Insensitivity to changes in IOP of course 
can be expected if the main driving force is a difference in oncotic 
and osmotic pressure across the pigment epithelium. 


With a hole in the sensory retina, part of the resistance to 
outflow via the retina and the pigment epithelium is abolished. The 
clinical result is hypotony, most probably due to aqueous outflow 
through the pigment epithelium. One could expect then that eyes with 
retinal detachment should have a high facility. But facility deter- 
minations in patients, as well as in rabbits with experimental detach- 
ment, have failed to indicate increased facility (see Foulds, 1968). 
This observation adds further to the hypothesis that osmotic and on- 
cotic pressures are the main driving forces for fluid reabsorption 
through the pigment epithelium. 


THE -VITREOUS AND OPTIC NERVE 


It seems very likely as discussed above that small amounts of 
fluid pass from the posterior chamber into the vitreous and out 
through the retina and sclera. In rabbits it is possible to demon- 
strate another route of drainage: from the vitreous into the peri- 
vascular spaces around the vessels of the retina and optic nerve. 
Dyes injected into the vitreous soon appear around the blood vessels 
where they leave the optic nerve. In primates such drainage via peri- 
vascular spaces seems to be of much smaller magnitude. Hayreh (1966) 
compared different species and found no significant drainage in pri- 
mates when colloidal iron was used as a tracer. The difference seems 
to be quantitative rather than qualitative, however. Peyman and 
Apple (1972) demonstrated that even in monkeys small amounts of 
horse radish peroxidase can pass through the inner limiting membrane 
into the spaces between the astrocytes and nerve fibres of the optic 
nerve and also along the perivascular spaces. 


Oddly, the lens may contribute somewhat to the drainage of 
fluid from the vitreous. Fowlks has (1973) demonstrated that in the 
lens the water balance is such that small amounts are pumped out at 
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the anterior surface. The fluid most probably comes from the vit- 
reous. Such drainage may help to explain a tendency for small par- 
ticles to accumulate behind the lens. In a recent study on the eli- 
mination of microspheres from the vitreous body in rabbits (Algvere 
and Bill, 1979) such a tendency was observed. 


It should be mentioned also that the retinal capillaries may 
be engaged in the drainage of fluid from the retina and vitreous 
body; the hydrostatic pressure difference across the capillary wall 
may well be lower than the oncotic pressure difference tending to 
cause some reabsorption. 


THE AQUEOUS HUMOR 


It seems clear now that most of the aqueous humor leaves the 
eye via the irido-corneal chamber angle. Here part of the fluid 
passes through the meshwork into the canal of Schlemm, another part 
passes in a more diffuse way through the chamber angle tissue and 
the ciliary muscle into the supraciliary and suprachoroidal spaces. 
Before embarking on a discussion on the role of the chamber angle 
it is of interest to consider some physiological results obtained 
with techniques that have been described previously (Bill and Hell- 
sing, 1956; Bill, 1977). Fig. 2 shows the rate of disappearance of 
different radioactive substances from the anterior chamber expressed 
as percentage of that of albumin. 


The values shown are means of at least 5 determinations. It is 
clear from the figure that albumin, IgG and myoglobin leave the an- 
terior chamber at almost exactly the same rates indicating that 
they move out of the anterior chamber with a bulk flow of aqueous 
humor through relatively wide channels. Tritiated water and low 
molecular weight solutes leave the chamber at higher rates indi- 
cating that for these substances there are additional routes with 
a high degree of discrimination. Movement through such routes might 
be by diffusion and convection into the cornea and into the iris 
WESSELS, 


It was once thought that the cornea played an important role 
in the drainage of aqueous humor but studies by Maurice (1972) have 
indicated that the role of the cornea in the drainage of aqueous 
humor is negligible. Small amounts of fluid enter the tissue from 
the anterior chamber but equal amounts seem to be "pumped" back by 
the endothelial cells. 


With regard to the iris morphological studies have demonstra- 
ted very clearly that there is no layer of endothelial or epi- 
thelial cells covering the anterior surface. The stroma is in fact 
open to the anterior chamber aqueous humor (Inomata, Bill and Smel- 
ser, 1972a). One advantage of such an open system is obvious: when 
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the pupil is dilated fluid can be squeezed out of the iris. Another 
consequence is that the iris vessels normally are in very close con- 
tact with the aqueous humor which might result in drainage of the 
fluid into the capillaries. 


To test if movement of aqueous humor into the iris is of practi- 
cal significance we have tried to determine the conductance using 
osmotic methods (Bill, 1974). The reasoning was simple. If there 
are routes permitting reabsorption into the iris due to the colloid- 
osmotic pressure of plasma such convection should be reduced, stopped 
or reversed by perfusion with an albumin solution through the an- 
terior chamber. We found that if one anterior chamber was perfused 
with 0.1 % albumin and the other with 2.5-6 % albumin there was 
only a very small extra inflow into the anterior chamber on the 
side with a high albumin concentration. The results indicated that 
the filtration coefficient of the iris capillaries was so low that 
any net movement of fluid into the capillaries was negligible. Cal- 
culations of the conductance of the pores in the iris capillaries 
suggested a value of 0.5:10-4 ul-min~!+mm He | (Bill, 1977). Experi- 
ments with hyper and hypotonic solutions of NaCl were performed 
in a Similar way; moderate changes in osmolarity had no appreciable 
Snmisouse 


The experiments discussed above indicated that the difference 
in rate of outflux from the anterior chamber between low molecular 
weight solutes and macromolecules is due essentially to diffusion, 
one labelled water molecule entering the iris vessels being re- 
placed by one unlabelled from the plasma. 


Uveoscleral Drainage 


In some early experiments with perfusion of labelled plasma 
proteins through the anterior chamber in monkeys we found that part 
of the protein leaving the anterior chamber did not appear in the 
general circulation. An analysis of the eyes indicated that move- 
ment into the ciliary body, the choroid and the sclera and episcleral 
tissues was an alternative route. Some movement from the anterior 
chamber into the uvea had been observed long ago but received little 
recent interest (see Leber, 1903). The questions then become: was the 
accumulation of radioactive material in the ocular tissues due to 
diffusion or to convection from the anterior chamber and was the 
movement into the tissue fast enough to indicate significant flow 
from the anterior chamber. 


By determining the concentration of labelled substance in the 
anterior chamber fluid and the amounts recovered in the different 
tissues it was possible to calculate the volume of aqueous humor 
that apparently had moved into the tissues. Such calculations de- 
monstrated that sometimes more than 50 % of the labelled material 
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Fig. 2. Rate of outflux from the anterior chamber of different 
labelled substances, expressed as percentages of the out— 
flux of labelled albumin, was plotted against the dia- 
meter of the equivalent spheres. The solid line connects 
values for solutes, soluble in water but not in lipid. 


leaving the anterior chamber had accumulated in the tissues. Thus 
in monkeys it was an important question whether the movement into 
the uvea and sclera was due to diffusion or to convection. 


The observation discussed above that substances with greatly 
different molecular weights left the anterior chamber at the same 
rate was of great importance in indicating that the accumulation 
of labelled material in the uvea and sclera was due mainly to con- 
vection. A second important factor was the fact that the tissue 
pressure in the suprachoroid is slightly lower than the IOP as 
discussed already. It was clear then that there are routes from 
the anterior chamber through the uvea and sclera into the episcleral 
tissues. 


Another question concerned the fate of the fluid passing out 
through the uvea and sclera. It was obvious that the fluid moving 
through the ciliary muscle mixed with the locally produced tissue 
fluid and that there was diffusional exchange with the plasma in 
the blood vessels. It was obvious also that while passing through 
the suprchoroid there was exchange with the choroidal vessels. 


When albumin and IgG were perfused simultaneously through the 
anterior chamber the amounts of IgG recovered in the uvea and sclera 
were slightly higher than those for albumin (Bill, 1966). This re- 
sult indicated that small amounts of albumin were passing through 
the uvea into the blood vessels. This was not unexpected. Other 
experiments in rabbits had demonstrated that in the choroid small 
amounts of extravascular plasma albumin tend to return into the 
blood vessels (Bill, 1968a). With myoglobin,whichis a smaller mo- 
lecule, the difference was more marked - the amounts recovered in 
the tissue were much lower than expected from the contents of al- 
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bumin (Bill, Hellsing, 1965). Much of the myoglobin moving through 
the uvea thus entered the capillaries locally. 


It was clear from the experiments with myoglobin and albumin 
that the aqueous humor entering the uvea in the chamber angle did not 
pass through the tissues into the episclera unaltered. Since myoglo- 
bin was lost to a large extent smaller molecules could be expected to 
pass rather freely between the tissue fluid and the blood vessels. 
Such a movement by diffusion and convection might result in almost 
complete absorption of the fluid entering the uvea or the net effect 
might be a drainage through the sclera and perivascular spaces cor- 
responding to the inflow via the chamber angle plus some locally 
produced fluid. One possibility to detect marked reabsorption was 
obvious. If there was a continuous inflow of aqueous humor into the 
uvea of fluid containing labelled albumin and reabsorption left 
most of the albumin outside the vessels the concentration of la- 
belled albumin would increase with time. If the amounts of aqueous 
humor present in the tissue was calculated one might find "impos- 
sible values" such as 1 000 ul/g tissue or more. We found no such 
values in any of the tissues investigated and concluded that the 
inflow into the uvea from the anterior chamber probably was similar 
to the drainage via the sclera and perivascular spaces (Bill, 1971). 
Experiments in dead animals (Bill, 1966) were there could be no re- 
absorption of fluid into the uveal vessels indicated that under 
such conditions uveoscleral flow was increased. Reabsorption of 
fluid into the uveal vessels thus is not a prerequisite for uveo- 
selevale Glow. 


Morphological studies (Inomata, Bill and Smelser, 1972b; and 
Inomata and Bill, 1977) indicated that even 0.1 um particles, which 
are too large to pass through the sclera, can pass out of the eye 
via spaces around the blood vessels and nerves. It was reasonable 
then to call the unconventional outflow 'uveoscleral flow'since both 
the uvea and sclera were engaged. 


The magnitude of the uveoscleral flow in monkeys under general 
anesthesia has been reported for cynomolgus and vervet monkeys 
(Bill, 1971) and corresponds to about 50 % of the total outflow with 
much variation between individuals. In cats uveoscleral flow is 
about the same as in monkeys but a small fraction of the total out- 
flow. In rabbits very little fluid passes from the anterior chamber 
through the ciliary body into the suprachoroid, but there is some 
drainage through the scleral substance and through perivascular 
spaces in the limbus region (see Bill, 1975). Observations in some 
other monkey species which have not been reported previously are 
shown in Table 1. 


Uveoscleral flow has been determined in a few experiments in 
humans. These studies could be performed only in eyes which had to 
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Aqueous Drainage in Monkeys 


Body weight Uveoscleral Flow via 
flow Schlemm*s canal 

Squirrel Oa 10 Orrin OATS 
monkeys ORs 0.14 On] 
(Saimiri Oso @. Ic 0.80 
sciureus ) Os On 13 0.60 

On ne 0.20 On 2 
Capuchin WS Oe) 0.87 
(Cebus ees 0.66 1.05 
capucinus ) Dak 0.43 0.86 

ek @.23 0.87 
Baboon 9.4 Osvge) 1351 

12.8 0.40 1.97 

W362 Oa 1 dae 
Mangabey Tie 0.46 ea! 
(Cercocebus 6.6 
albigena) 
Stump-tailed 10.0 0.40 1 39h 
macaque (Ma- 9.5 1.92 1.34 


caca speciosa) 


be removed because of tumors and the values obtained may not be re- 
presentative for normal eyes. In man uveoscleral flow was lower 
than in most monkeys accounting for some 10 % of the total outflow 
(Ball ane Philiips, 1971)% 


Rhesus monkeys have been used in recent studies on the move- 
ment of material from the anterior chamber into the uvea and the con- 
clusions have been somewhat in variance with those in other species. 
Sherman, Green and Laties (1978a) injected fluorescein intracamerally 
and observed rapid movement of fluorescein into the ciliary body. 
Small amounts were recovered within the blood vessels, but there 
was no appreciable penetration into the sclera from the supracho- 
roid. Experiments with fluorescein-labelled dextran gave essen- 
tially the same results. It was concluded that the fluid entering 
the uvea seemed to enter the blood vessels, scleral outflow being 
negligible. 


Pedersen, Gaasterland and MacLellan (1977) have made similar 
observations. They perfused the anterior chamber in rhesus monkeys 
with a mixture of labelled albumin and fluorescein. The blood flow 
from a vortex vein was collected continuously. It was possible then 
to determine the rate of movement of labelled albumin and fluo- 
rescein from the anterior chamber into the blood drained by the vor- 
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tex veins. There was little movementof albumin into the vessels 

but the addition of fluorescein to the blood corresponded to 
0.45-0.86 ul/min. Fluorescein is not an ideal substance in deter- 
minations of aqueous flow since it can be expected to leave the 
anterior chamber both by bulk flow and diffusion. Recent experi- 
ments with ?1Cr-EDTA, which has a molecular weight similar to that 
of fluorescein indicate, however, that diffusion into the iris 
vessels of molecules of this size introduces only a small error in 
aqueous flow determinations, - about 0.1-0.2 ul/min (see Fig. 2). 
Diffusion out of and into the choroidal vessels of small molecules 
is very rapid (Térnquist, 1979). It can be expected then that the 
values reported by Pedersen et al. are good measures of uveoscleral 
flow. But they give no proof for uveal resorption of all the aqueous 
humor entering via the ciliary muscle: it was not possible to di- 
stinguish between the fluorescein entering by diffusion as compared 
to that entering by convection. 


According to Pedersen at al. resorption into the uveal ves- 
sels of aqueous humor was of crucial importance for the flow via 
the ciliary muscle; it produced the pressure difference driving the 
flow. No experiments were performed, however, to demonstrate that 
such flow was stopped by stopping the blood flow through the eyes. 
In other monkey species uveoscleral flow tends to be enhanced after 
the death of the animal, if the intraocular pressure is maintained 
aueaenonna lake vieln. 


In an attempt to estimate the relative importance of uveoscleral 
drainage in monkeys Pedersen et al. calculated the normal rate of 
aqueous formation from assumed values for episcleral venous pressure, 
intraocular pressure and outflow facility. The value obtained, 

4-9 ul/min, was such as to indicate that uveoscleral flow is nor- 
mally less than 10 % of the total outflow. The normal flow rate in 
monkeys is not known but 4-9 ul/min is a very high figure when com- 
pared to values obtained in anesthetized monkeys, Table 1. 


Studies on the physiology and pharmacology of the uveoscleral 
outflow have indicated that the tone of the ciliary muscle is of 
great importance. Contraction of the muscle as caused by pilocarpine 
almost stopped uveoscleral flow (Bill and Wahlinder, 1966; Sherman, 
Green and Laties, 1978), relaxation causes increased flow. These re- 
sults indicate that under normal conditions uveoscleral flow varies 
with the degree of accommodation and, interestingly, this variation 
is accompanied by changes in outflow resistance in the routes via 
Schlemm*s canal tending to cause opposite effects on the flow via 
that route. 


Increments in the intraocular pressure which markedly increase 
the outflow via the canal of Schlemm have only small effects on the 
flow via the uveoscleral routes: in a study with labelled proteins 
arise in pressure of 27 mm Hg increased this out — flow by 
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0.10 ul/min (Bill, 1967). The increase was not statistically signi- 
ficant. In the study of Pedersen et al. uveal facility measured 

with fluorescein was 0.03440.012 ul/min/mm Hg. If these routes have 
el ameyenilaingye th) als! qulahuey) WWeiay ICN. 


Flow via Schlemm’s Canal 


The drainage of aqueous humor from the anterior chamber via 
Schlemm*s canal has been reviewed recently (Svedbergh, 1976; Bill, 
1977). After considerable debate there now seems to be agreement 
that the aqueous first moves through the large openings of the uveal 
meshwork and then through the less wide openings in the corneoscleral 
meshwork into the peculiar loose connective tissue represented by 
the endothelial or juxtacanalicular meshwork. From here the fluid 
moves through invaginations in the inner wall endothelium of the 
canal of Schlemm and out into the canal through the transcellular 
pores (Inomata, Bill and Smelser, 1972b). Around the normal intra- 
ocular pressure the flow is almost proportional to the intraocular 
pressure. But if a more marked increase in intraocular pressure is 
produced by injecting fluid into the anterior chamber the resistance 
to outflow may change. The changes observed are due to complex al-— 
terations in the outflow routes: deepening of the anterior chamber 
tending to increase outflow, compression of the meshwork and canal 
of Schlemm probably tending to reduce facility (see Moses, 1977). 

In addition increments in eye pressure tend to change the structure 
of the inner wall of Schlemm’s canal; there is an increase in the 
number of invaginations and also the number of pores increases (Grier- 
son and Lee, 1974, 1975; Svedbergh, 1976, 1977). 


At pressures lower than the episcleral venous pressure there 
is practically no reversal of the flow through the chamber angle 
tissue (Bill, 1977). Such flow is prevented by collapse of the inva- 
ginations of the inner wall endothelium and compression of the endo- 
thelial and trabecular meshwork (Johnstone and Grant, 1973; Grier- 
son and Lee, 1974). 


The rather complex structure of the outflow routes ensures such 
a resistance to flow that a small drainage of aqueous humor from the 
anterior chamber into the canal of Schlemm is sufficient to create 
the moderate intraocular pressure necessary for good optical func- 
tion of the eye. The narrow paths through the meshwork that are re- 
quired to give a suitable resistance is a risk since there is a com 
tinuous inflow of small amounts of debris from the anterior chamber. 
Such debris might clog the meshwork, if there was no mechanism for 
"cleaning". Experiments by Rohen and van der Zypen (1968) indicate 
that this problem is handled by the endothelial cells of the trabe- 
cular and endothelial meshwork. These cells are phagocytotic; they 
engulf and degrade debris, thereby enabling an intact drainage of 
aqueous humor over a lifetime in most eyes. 
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Recent studies on the mode of action of different agents in- 
fluencing the outflow resistance indicate that the effects may be 
directly on the outflow routes or secondary to contraction of the 
ciliary muscle. Cholinergic agents seem to exert their effects 
mainly via the muscle, pilocarpine which normally produces a mar- 
ked increase in outflow facility having practically no effect after 
disinsertion of the muscle from the trabecular meshwork (Kaufman 
and Barany, 1977). Pilocarpine has been reported to affect the in- 
ner wall endothelium of Schlemm*s canal. Holmberg and Bar4ny (1966) 
found that the number of vacuoles or invaginations in the inner 
wall endothelium was reduced by pilocarpine. Griersen, Lee and Ab- 
raham (1979) have observed opposite results, but they found also 
that the effect seemed to be more related to the outflow rate 
through the chamber angle than to the drug. Recent experiments 
(Svedbergh and Bill, unpublished) indicate that meyes treated with 
pilocarpine small particles perfused with gelatine through the 
meshwork can enter and pass through the endothelial meshwork more 
readily than in eyes treated with atropine. Part of the pilocarpine 
effect thus seems to be exerted close to the inner wall of Schlemm’s 
canal, most probably as a result of pulling of the ciliary muscle 
on the trabecular meshwork. 


Both cytochalacin B (Kaufman and Bar4ny, 1977; Svedbergh et al., 
1978) and chelating agents, such as EDTA and EGTA (Bill, Svedbergh 
and Lutjen-Drecoll, 1979) have very marked-partly reversible effects 
on the outflow facility in monkeys. The resistance to outflow is 
in fact reduced to a level that has been ascribed to the collector 
channels in the sclera. The two agents produce somewhat different 
changes in the ultrastructure of the outflow routes but with both 
agents there is distention of the endothelial meshwork with wash- 
out of material and disruption of the inner wall of Schlemm’s ca- 
nai ab places. 


The mode of action of adrenergic substances on the outflow 
routes remains an enigma but it seems likely that the effect is 
exerted in the endothelial meshwork. 


In summary: Small amounts of aqueous humor are likely to pass 
from the posterior chamber into the vitreous humor and from there in- 
to the retina and optic nerve. Retinal fluid is probably sucked 
into the choroid, the colloid-osmotic pressure of choroidal tissue 
fluid playing a considerable role. In the anterior chamber aqueous 
humor can pass into and out of the iris freely but elimination of 
the aqueous takes place almost exclusively in the chamber angle, 
partly via the canal of Schlemm into the general circulation and 
partly into the ciliary muscle, supraciliary and suprachoroidal 
spaces. Fluid passing through these spaces mixes with locally pro- 
duced tissue fluid and is modified by exchange with the capillaries. 
As a result there are changes both in composition and volume. Eli- 
mination of fluid from the suprachoroid occurs partly through spa- 
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ces around the blood vessels and nerves and partly through the 
scleral substance. 
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VITREOUS FLUOROPHOTOMETRY 
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There are numerous examples of restricted permeability in the 
ocular tissues, particularly between the ocular humors and the blood 
that protect them from multiple variations to which the blood is 
constantly subjected. Information accumulated in the last decade has 
shown that two main barrier systems are present in the eye. The first, 
the blood-retinal barrier (BRB), separates the retinal neural tissue 
from the blood. The second, the so-called blood-aqueous barrier (BAB), 
regulates the exchanges between the blood and the intraocular fluids. 


Information regarding these barriers is desirable in that the 
intraocular fluids (aqueous and vitreous) bathe important structures 
such as the cornea, lens and retina, and equilibrate with the extra- 
cellular spaces of these tissues. Furthermore, changes in these tis- 
sue often result in altered visual function. 


Soon after we initiated our studies on the permeability of the 
retinal vessels with Ashton (1) and proposed for the first time the 
existence of a BRB it was considered desirable to extend our inves- 
tigations with large molecular weight tracers to more diffusible 
substances. 


Maurice, who at the time had developed a new sensitive slit- 
-lamp fluorophotometer (2) suggested fluorescein, a nontoxic molecu- 
le of 5.5 & radius as being particularly suitable to study molecular 
movements across the BRB. 


Initial experimental studies using the slit-lamp fluorophotome- 
ter of Maurice allowed us (3) to determine the distribution of fluo- 
rescein within the axial regions of the vitreous body of the living 
rabbit. The measurements of the gradient in the vitreous immediately 
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in front of the retina should give a value for the flux of dye across 
its surface and so lead to a value of the permeability of the surface 
at the point of observation. The rabbit 1s particularly suitable for 
these experiments, since its retinal vessels lie in contact with the 
vitreous humor virtually free from any surrounding glial tissue; 
furthermore, they are restricted to a limited zone of the retinal 


surface, and so direct comparisons can be made between vascularized 
and non-vascularized areas. 


It soon became evident that both these areas showed a unidirec- 
tional permeability to fluorescein in the direction from the inside 
of the eye to the blood. The in vivo observations on the concentra- 
tion gradients were then supplemented by measurements taken on frozen 
sections of the eye, which showed the direction of movement of fluo- 
rescein across the boundaries of the entire vitreous body. 


The results obtained showed that when fluorescein is injected 
into the blood no measurable amount enters the vitreous body of the 
normal eye (fig. 1). Our in vivo measurements showed that the level 
in the vitreous body remained well below 107-8 gm/ml when the free 
fluorescein in the blood was in the region of 1074 gm/ml for many 
hours, suggesting an inward retinal permeability no greater than 
10-5 cm/hr. A small entry in the most anterior portion of the vi- 


treous body, originating from the region of the ciliary body, could 
be seen in the frozen sections. 
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Fig. 1. Intraperitoneal injection of 3 ml 10% fluorescein. (a) In 
vivo recordings taken 1 hr and 45 min. after the injection. (b) Con- 
tours from eye frozen 2 hr after the injection. (From ref. 3). 
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Immediately after the fluorescein is injected into the vitreous 
body, in the normal eye, it may be seen as a discrete mass, but it 
spreads readily and its outlines become diffuse. After a few hours 
the fluorescence of the aqueous takes up a constant ratio to that of 
the vitreous humor, though this is well below 1%. It may be assumed 
then that the fluorescein has assumed a fixed pattern of distribution 
within the vitreous body at this time. This distribution correlated 
well both in frozen sections and in vivo observations. The concentra- 
tion was greatest immediately behind the lens and it dropped to a low 
value around the entire retinal surface. Prolongation of the in vivo 
curves suggested that they would in any case reach zero concentration 
less than 1 mm behind the retinal surface. This indicates that the 
minimum value of the outward permeability of this surface is equiva- 
lent to that of a layer of vitreous humor 1 mm thick. There is evi- 
dence that molecules even as large as serum albumin move relatively 
unhindered within the vitreous body of the rabbit (4) and so the 
diffusion rate of fluorescein in this cavity may be taken as its va- 
lue in free solution, 6 x 107-6 cm2/sec at 37° C. The outward permea- 
bility of the dye must, then, be greater than 0.2 cm/hr. 


It is evident from the concentration contours that the princi- 
pal movement of fluorescein is outward across the entire retinal 
surface. 


This pattern of fluorescein distribution within the frozen vi- 
treous body remained essentially unchanged when very high concentra- 
tions of the dye were maintained in the plasma as a result of intra- 
venous or intraperitoneal injection. In several frozen sections, the 
gradient in the vitreous body showed an outward movement across the 
retinal surface, including the vascularized region, when the concen- 
tration of fluorescein at the surface was apparently 100 times less 
than that of the unbound dye in the plasma (fig. 2). 


However, under conditions designed to inhibit the active trans- 
port of anions, the pattern of fluorescein distribution within the 
vitreous body was modified in a typical manner. With high concentra- 
tions of a inhibitor, the fluorescein distribution was as shown in 

fig. 3. It is evident that the movement of fluoresccin out of 
the eye has been blocked over the entire retinal surface. 


If the retinal circulation is occluded by diathermy, the move- 
ment of fluorescein out of the vitreous body ceases in this region, 
showing that the vessels themselves are participating in active 
transport. 


Similarly, in the inhibited eye, fluorescein was found to enter 
over all the retinal surface after an intraperitoneal injection of 
the dye. The entry pattern was similar whether metabolic or competi- 
tive inhibitors were injected into the eye or whether Benemid was 
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Fig. 2. Intravitreal imjection of 20 M1 of 0.0252 fluorescein. Intra 
peritoneal injection of 5 ml 10% fluorescein 3 hr later (concentra- 
tion of free fluorescein in the blood 2 x 107) g/ml). (a) In vivo 
recordings taken 4 hr after the intraperitoneal injection. (b) Con- 
tours from eye frozen 5 hr after the intraperitoneal injection. (From 
rer. 3). 
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Fig. 3. Intravitreal injection of 15 pl of 1 M benzylpenicillin in 
a solutron ot 07037 Eluongesceim, (@) In vivosnecondineas) taken e245 hr: 


after the injection. (b) Contours from eye frozen 25 hr after the 
injection. (From ref. 3). 


administered systemically (fig. 4). Very high concentrations of fluo- 
rescein in the blood forced an entry by some mechanism of saturation, 
which gave a similar distribution. 


The profile of the concentration within the vitreous body con- 
formed approximately to that which would be expected if the dye were 
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Fluorescein concentration Gor g/ml) 


Retina 


Distance across vitreous (mms) 


Fig. 4. Intravitreal injection of 15 tl of 1 M benzylpenicillin. 
Intraperitoneal injection of 3 ml 10% fluorescein 5 hr later. (a) 
In vivo recordings taken 2 hr and 30 min. after the fluorescein 
injection. Fine dotted and dashed lines show curves calculated for 
spherical and plane models as described in text, with arbitrarily 
chosen vertical scale. (b) Contours from eye frozen 3 hr after the 
fluorescein injection. (From ref. 3). 


liberated at the retinal surface at a constant rate, diffused through 
the vitreous humor at the rate of movement found in free solution 
and met a barrier to further progress at the lens surface. The geo- 
metry of the rabbit's eye, curved lens surface placed 6-7 mm from 
the spherical retina of 8 mm radius, leads to a very difficult com- 
putation. For the present purpose two simple approximations were 
used between which the true condition might be expected to fall. In 
one, the retina and lens were taken as large plane sheets 6 1/2 mm 
apart and, in the other, the retina was assumed to be as complete 
sphere 6 1/2 mm in radius. The distributions at any time, corres- 
ponding to these approximations, can be interpolated between the 
examples plotted by Crank (5). The experimentally determined distri- 
bution of the fluorescein concentration was generally similar, some- 
times closely so, to one or other of these curves. 


These observations showed that in the normal eye, the rapid out- 
flux of fluorescein across the boundary of the vitreous, even against 
a high concentration gradient, compared with the great resistance to 
its penetration from the blood points to an active transport system 
operating over the entire surface of the blood-retinal barrier. These 
studies contributed significantly to the understanding of intraocular 
dynamics and of the behavior of fluorescein angiography, and slit- 
-lamp fluorophotometry of the vitreous immediately appeared as a most 
promising field for clinical and experimental research. 
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Principles. Fluorescein, a weak dibasic acid of the xanthene 
group, has a molecular weight of 330. It is very deeply colored, and 
the conversion of the absorbed light to fluorescein light is almost 
100%. It is this property that is used to detect minimal concentra- 
tions of this substance in the eye. Previous studies have shown that 
there is no problem in detecting values between 10-8 and 10-9 em/ml1 
in the anterior chamber or vitreous body. Another important feature 
is that the weak acidity of fluorescein accounts for its extremely 
poor staining qualities; it never forms a firm bond to any vital 
tissues. Finally, when mixed with blood in usual concentrations, a 
high proportion (about 20%) remains free. Fluorescein, therefore, 
is particularly appropriate for measurements in the intraocular 
flies’. 


Equipment. Since our initial studies with the slit-lamp fluoro- 
photometer of Maurice, we have been using a different set-up, essen- 
tially a modified version of the slit-lamp fluorophotometer presented 
by Waltman and Kaufman, in 1970, for the examination of the anterior 
chamber (6). To measure the fluorescein concentration in the vitreous, 
a model 360 Haag-Streit slit lamp and fundus contact lens are used. 
The instrument is modified by adapting a new source of illumination, 
appropriate filters, a photometric detection system similar to that 
described by Waltman and Kaufman, and a device for electrical regis- 
tration of the movement of the instrument in the antero-posterior 
(AP) axis (as the retina, vitreous and lens are sequentially brought 
into focus for fluorescein measurements; fig. 5). 


The incandescent bulb normally present in the slit lamp is re- 
placed by a fiberoptic system connected to a 300 W unit with venti- 
lation. A holder containing the removable exciter filter is mounted 
on the arm in front of the light source. The lamp and microscope 
arms are locked at an angle of 20° from each other for taking measu- 
rements. 


The photometric detection system consists of a modified eye- 
piece containing a fiberoptic probe. It is connected to a photomul- 
tiplier tube, an autoranging photometer, and an oscilloscope with 
storage and Polaroid camera. The sensor tip of the probe is in focus 
with the optical section, allowing the fluorescein concentration to 
be measured in all parts of the eye visible in the ocular of the 
slit-lamp. As the instrument scans through the eye in the A-P axis, 
it registers electrically through the use of a linear carbon poten- 
tiometer clamped to the slit-lamp table and a sliding contact is mo- 
ved by a rod held against the base of the instrument. All the measu- 
rements are made after application of a low-vacuum contact lens to 
the eye under examination. A Spectrotech pair of appropriate inter- 
ference filters is used. 
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Fig. 5. Vitreous fluorophotometer. Insert, Diagram of photometric 
system. 1, Eyepiece of slit-lamp microscope with fiberoptic; 2, Eye 
with contact lens; 3, Linear carbon potentiometer; 4, Photomulti- 
plier; 5, Photometer; 6, Oscilloscope. (From ref. 12). 


A standard fluorescein solution in phosphate buffer (pH 7.4) 
or a standard fluorescence glass are tested before each examination. 


A few additional considerations must be kept in mind. It is im- 
portant to use a thin slit to minimize internal light seatter. If 
lens opacities are present, the light transmission will be decreased. 
Also, the pupil must be well dilated to permit adequate focusing and 
illumination during the entire vitreous scanning. 


It is particularly important to note that a good correlation 
has been demonstrated between measurements performed in the media 
of the eye in vivo and in fluorescein solutions of known concentra- 
tions in vitro. Also, vitreous fluorophotometry is not limited by 
the phenomenon of absorption of the exciting light beam by the dye, 
in the range of practical use. 


Examination techniques. A simple basic examination serves to 
detect an alteration of the BRB, if present; however, more sophis-— 
ticated special examination techniques may be used to obtain addi- 
tional information about the functional activity of the barrier and 
the location of the breakdown. 
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Basic examination. An intravenous (IV) injection of sodium fluo- 
rescein in a dose of 14 mg/kg of body weight is given one hour before 
the vitreous fluorophotometry examination. The pupils are well dila- 
ted and a low-vacuum contact lens is applied to the eye under exami- 
nation. 


For the basic vitreous fluorophotometry examination, the light 
slit and the fiberoptic probe of the eyepiece are initially focused 
over the macular area immediately superficial to the retina in the 
vitreous. The linear carbon potentiometer on the table of the slit 

lamp is then set against the moveable base of the slit-lamp. The 
window of the photomultiplier is open, and the image of the fiber- 
optic probe is moved away from the surface of the retina toward the 
lens along the illumination light path by using the joy stick of the 
slit-lamp. The final recording is documented with the Polaroid camera 
of the oscilloscope. 


Although the fluorescein is administered according to the weight 
of the patient, determination of the fluorescein concentration in the 
blood at the time of the examination is indicated whenever liver or 
kidney disease may be significant. This can be done by taking samples 
of blood from a finger prick into a 50 wl Microcap pipette and dis- 
charging these samples into a convenient volume of saline; readings 
are taken in the supernatant fluid when the cells have been centri- 
fuged down. By using the standardized equipment and the technique 
described, repeatable results can be obtained. 


The results, in effect, represent vitreous fluorescein concen- 
tration curves. They are semiarbitrarily divided into three approxi- 
mately equal parts that are ascribed to posterior, middle and anterior 
vitreous. Information about the concentration of fluorescein in the 
blood permits the determination of an approximate value for BRB per- 
meability (cm/hr) using a theoretic treatment previously reported. 
If the value obtained for the mean fluorescein concentration in the 
posterior vitreous is normal (less than 1.0 x 1078 em/ml) the vi- 
treous fluorophotometry findings are considered negative, and the 
examination is finished (fig. 6). If higher fluorescein concentra- 
tion are detected in the posterior vitreous, indicating an altera- 
tion of the BRB, the basic examination may be followed by additio- 
nal examination techniques. 


Kinetic vitreous fluorophotometry. Kinetic vitreous fluoropho- 
tometry is the study of the changes in vitreous fluorescein concen- 
tration in relation to time. It consists of a series of vitreous 
fluorophotometry recordings and anterior chamber measurements that 
are performed at 3, 4, 4 1/2 and 5 hours after the time of the ini- 
tial IV fluorescein injection. Average values for the posterior vi- 
treous, aqueous humor and blood from each examination are then plo- 
tted against time. The rate of loss of fluorescein from the vitreous 
and aqueous humor is obtained by determining the half-periods of both 
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Fig. 6. Vitreous fluorophotometry of eye of normal volunteer. (From 
etl). 


curves (fig. 7). The successive recordings give important information 
regarding the direction and rate of movement of the fluorescein in 
the vitreous and aqueous. 


Topographic vitreous fluorophotometry. Topographic vitreous 
fluorophotometry is performed whenever a localized breakdown of the 
BRB is expected; it is important to differentiate such a situation 
from a generalized BRB breakdown. To this end, a basic vitreous 
fluorophotometry examination, using the macula as the starting point 
is complemented by recordings performed by scanning from other reti- 
nal areas to the lens. 


VITREOUS FLUOROPHOTOMETRY STUDIES IN DIABETES 


The first report on vitreous fluorophotometry, which appeared 
in 1975 (7) opened a new area of research by showing an early break- 
down of the BRB in diabetes mellitus. This finding served subsequen- 
tly as a basis for a series of clinical and experimental studies in- 
vestigating the role of the alteration of the BRB in the development 
of diabetic retinopathy and in other retinal diseases (8-15). 


Clinical studies. The application of vitreous fluorophotometry 
to a series of predominantly adult-onset diabetics with apparently 
normal fundi revealed the presence of a significant breakdown of the 
BRB. The disturbance of the BRB, as evidenced by vitreous fluoropho- 
tometry, appeared before microaneurysms or capillary closure could be 
demonstrated by fundus fluorescein angiography. These patients con- 
sistently showed fluorescein concentration values in the posterior 
vitreous greater than 2 x 1078 gm/ml. These studies have since been 
extended to a much larger number of patients. Using a dose of IV 
fluorescein of 14 mg/kg, the average value recorded in the posterior 
yitreous of diabetic eyes. with normal fundi is 4.2 2.1.2 x 10°° em/ml. 
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Fig. 7. Kinetic vitreous fluorophotometry. Fluorescein concentrations 
in blood (A), aqueous humor (0), and vitreous (@) plotted against 
time in hours. (From ref: 12). 


This contrast with a background value of a 0.7 * 0.08 x 1078 em/ml1 
recorded in the posterior vitreous in a series of normal patients 
from different age groups who had no personal or family history of 
diabetes and who had normal findings in ophthalmologic examination. 
The fluorescein concentration curves in the vitreous in the diabetic 
patients followed a typical pattern, the gradient indicating penetra- 
tion of fluorescein across the BRB (fig. 8). 


These results were confirmed recently by Waltman and co-workers, 
who reported on the vitreous fluorophotometry examinations of 99 ju- 
venile-onset, insulin-dependent diabetics and 31 control subjects 


C39). 


Kinetic vitreous fluorophotometry may also prove useful in stu- 
dying diabetic retinopathy (12). This technique shows that, in the 
diabetic with an alteration of BRB, the concentration of fluorescein 
in the vitreous rises and reaches its maximum value between one and 
three hours after the IV injection. Afterwards, the fall is logarith- 
mic with a half-period of about 4 1/2 hours (kv = 2.3 x 1073/min). 
After the peak concentration in the vitreous is reached the profile 
of the concentration of the fluorescein in the vitreous inverts. Five 
hours after the initial IV injection, there is a concentration gradi- 
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Fig. 8. Basic vitreous fluorophotometry. Examination of eye of dia- 
betic patient that revealed no abnormality with fluorescein angio- 
graphy. 


ent from the anterior vitreous to the retina that is consistent with 
an efflux across the entire retinal surface. The concentration profi- 
les observed in the diabetic eye without retinopathy confirm that 
the active transport for fluorescein, although still operating, ap- 
pears to be disturbed and operating at a lower rate. The obtained 
value for the coefficient of fluorescein loss from the vitreous in 
the diabetic eye is lower than the value calculated for the normal 
eye (kv = 3.3.x 1073/min), including both anterior and posterior 
routes. Kinetic vitreous fluorophotometry, allowing for the determi- 
nation of the coefficient of fluorescein loss from the vitreous may 
play an important role in the study of the early functional changes 
that occur in the BRB in diabetes. 


Another aspect of the ocular diabetic disease which has been 
studied by vitreous fluorophotometry is the correlation between 
breakdown of the BRB and development of retinal lesions (10). Al- 
though the reports available have been somewhat contradictory, a cor- 
relation between the severity of the vascular lesions and higher vi- 
treous fluorophotometry readings is apparent, suggesting a possible 
role for the alteration of the BRB in the progression of diabetic 
retinopathy. 


Finally, the correlation between early alteration of the BRB 
and the degree of systemic metabolic deviation has been also exami- 
ned by vitreous fluorophotometry. 


In a study using a set of criteria to evaluate metabolic con- 
trol, vitreous fluorophotometry was performed in a series of 100 dia- 
betic eyes, all of which has no visible changes in funduscopy or 
fluorescein angiography (11). The eyes were grouped according to 
whether the patient was insulin dependent or noninsulin dependent 
and whether the duration of the diabetes was less or more than five 
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years. Insulin-dependent diabetics who had diabetes for less than 
five years and relatively good metabolic control had vitreous fluo- 
rophotometry values significantly lower than those registered in a 
similar group of diabetic patients under poor metabolic control (Ta- 
ble 1). In the same way, noninsulin-dependent patients who had dia- 
betes of less than five years' duration and who were under relatively 
good metabolic control had vitreous fluorophotometry values signifi- 
cantly lower than those observed in a similar group of diabetic pa- 
tients under worse metabolic control (Table 2). A correlation was 
also observed between vitreous fluorophotometry values and duration 
of the diabetic disease. 


Table 1. Vitreous Fluorophotometry Values in Insulin-Dependent 


Diabetics 
Vitreous Fluorophotometry 
(Posterior Vitreous - x 1078 gm/ml - Mean ¢ sp) 
Diabetic Duration of Diabetes 
Metabolic 
Control No. Eyes (<5 yr) No. Eyes (25 yr) P Values 
Relatively. 16, 3.0L 55 1,3 Bp oS 2G. oes 08 <.005 
good 
Poor ree etree See es NS 
P values <.025 NS 


Table 2. Vitreous Fluorophotometry Values in Noninsulin-Dependent 
Diabetics 
EE a Ree i ie ree ee ee a ee 
Vitreous Fluorophotometry 
(Posterior Vitreous - x 1078 gm/ml - Mean + SD) 


Diabetic Duration of Diabetes 

Metabolic 

Control No. Eyes (<5 yr) No. Eyes (35 yr) P Values 

a ee a eee a eee eee 

Pellatively:(\ 25, 22082 1,4 26 or tats <.001 
good 

Poor LO 6 dic 249 As cre) iiea Ori NS 

P values <.005 <.0025 
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It appears, therefore, that at least in the early stages of the 
disease, there is a direct correlation between the retinal disturban- 
ce that occurs in diabetes, as judged by breakdown of the BRB, and 
the diabetic metabolic deviation. 


Experimental studies. Experimental vitreous fluorophotometry 
studies performed in rats made diabetic with streptozotocin (STZ) 
have opened an entirely new avenue of approach to the investigation 
of diabetic retinopathy. These studies, initiated by Waltman and co- 

workers, have shown that insulin reverses the breakdown of the BRB 
thathoccurs-in STZ diabetic fats: (13). 


We have been able to confirm those studies and extend them by 
using kinetic vitreous fluorophotometry. Diabetic rats showed signi- 
ficantly prolonged half-periods of fluorescein loss when compared 
with controls. (2.1920. 2yiveides 2 OL 06ehrs meant ¥opm)."p-< 0.001. 
Insulin treatment reduced these values to near normal values (1.6 = 
* 0.05 hr) without associated normalization of blood glucose. Subse- 
quent discontinuation of insulin resulted in return to diabetic va- 
lues (2.1 = 0.12). These studies suggest that insulin availability 
is more important than normalization of blood glucose in recovery 
of barrier function (14). 


Krupin et al. (15) have also shown that the alteration of the 
BRB that occurs in STZ-diabetic rats is reversed 13 days following 
pancreatic islet transplantation. 


Noteworthy is that electron microscopical examination of the 
retinae of these STZ-diabetic rats has shown that the alteration of 
the BRB is probably due to lesions located in the retinal pigment 
epithelium (16). 


VITREOUS FLUOROPHOTOMETRY STUDIES ON ARTERIAL HYPERTENSION 


Recently vitreous fluorophotometry studies were initiated in 
experimental systemic hypertension by Waltman and co-workers (17). 
Arterial hypertension was produced by complete ligation of one ki- 
dney combined with daily injection of desoxycorticosterone-acetate 
(0.2 mg) and saline drinking water. Vitreous fluorophotometry per- 
formed before and at various times after the production of hyper- 
tension showed an increased accumulation of fluorescein in the vi- 
treous, which correlated well both with the duration and magnitude 
of the induced systemic hypertension. 


VITREOUS FLUOROPHOTOMETRY STUDIES IN HEREDITARY RETINAL DISEASE 


Four carriers of X-linked recessive retinitis pigmentosa, one 
patient with Usher's Syndrome, and another with Best's dystrophy 
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were evaluated by vitreous fluorophotometry, by Gieser et al. (18). 
All six subjects showed abnormal findings indicative of an altera- 
tion of the blood-retinal barrier. 


Vitreous fluorophotometry, therefore, appears to be able to de- 
tect a subclinical dysfunction of the retinal pigment epithelium not 
detected by other means like fluorescein angiography or electrophy— 
siological testing. 


This new method of clinical investigation appears to haye value 
in the identification of carriers for X-linked recessive retinitis 
pigmentosa and allows for interesting speculation as to the patho- 
genetic changes occurring in some hereditary retinal disease. 


VITREOUS FLUOROPHOTOMETRY STUDIES ON PHOTOCOAGULATION 


A variety of retinal diseases are, at some time of their evolu- 
tion, treated by photocoagulation. This appears to be somewhat con- 
tradictory, in that photocoagulation has been shown by fluorescein 
angiography and histologic studies using a variety of tracer mate- 
rials to induce a breakdown of the BRB. Our studies, using vitreous 
fluorophotometry showed that after localized photocoagulation of the 
retina there is an abnormal increase in the permeability of the BRB 
(19). This alteration followed a well-defined pattern. Higher values 
that were demonstrated during the first 3 days after photocoagulation 
recovered progressively afterwards.The permeability of the BRB retur- 
ned to near-normal levels in the period between 10 and 14 days after 
photocoagulation (fig. 9). A direct correlation between higher ini- 
tial values and heavier photocoagulation was observed. 


In another study, kinetic vitreous fluorophotometry was used to 
evaluate the effect of pan-retinal argon laser photocoagulation on 
BRB (20). Similarly, the alteration of the barrier recovered progres-— 
sively with time, depending on the intensity of the photocoagulation 
burns. When minimal pan-retinal laser photocoagulation was used, the 
transport activity was markedly altered at 6 days, but there was al- 
most complete recovery at the end of 30 days. However, when heavier 
photocoagulation was performed, very little recovery was observed, 
even 90 days afterwards. 


COMMENTS 


Vitreous fluorophotometry is mainly a diagnostic technique, the 
only available method that can quantitate an alteration of the BRB. 
It appears also to be particularly suited for the early detection of 
functional changes of the BRB, before lesions are visible in the re- 
tina using less refined methods of detection like ophthalmoscopy and 
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Fig. 9. Permeability of the blood-retinal barrier for fluorescein 
after xenon photocoagulation. 


fluorescein angiography. Kinetic vitreous fluorophotometry is spe- 
cially promising as a functional test of the BRB and is expected to 
be of particular prognostic value. 


The detection of an alteration of the BRB can also contribute 
significantly to understand the pathophysiology of a variety of re- 
tinal diseases where a breakdown of the BRB is suspected to play a 
major role. In this way diseases involving the retinal vessels and 
the retinal pigment epithelium are natural targets for the use of 
this technique. 


Finally, new hope is offered for a variety of retinal diseases 
associated with early alteration of the BRB, where treatment at a 
reversible stage may now be an attainable goal. 
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FLUORESCEIN ANGIOGRAPHY AND THE BLOOD-RETINAL BARRIER 


Gabriel Coscas 
Clinique Ophtalmologique de Creteil-—Universite Paris XII 


40, avenue de Verdun, 94010 Creteil (France) 


Fluorescein is a real "providence" for the study of barriers. 
And reciprocally, the existence of barriers is a real "providence" 
for the analysis of angiograms. 


Retinal vessels normally appear to be impermeable to fluores- 
cein according to the usual photographic techniques. The same can 
be observed for large choroidal vessels. On the other hand, fluo- 
rescein normally escapes easily through the permeable walls of the 
choriocapillaris into-the extravascular tissue, but fluorescein is 
blocked by the retinal pigment epithelium and the very tight 
junctions between each of the cells, acting as a screen. Fluores- 
cein angiography, from a morphological point of view, and vitreous 
fluorometry, from a quantitative point of view, enable us to study 
the possible clinical changes of these barriers. 


The breakdown of outer and inner blood-retinal barriers results 
in abnormal hyperfluorescence (except for some very particular 
cases), Hyperfluorescence may be related either to abnormal trans- 
mission of fluorescent light (across the altered retinal pigment 
epithelium) or to leakage of fluorescein molecules themselves when 
R.P.E. and/or retinal vascular walls are involved. 


The transmission of choroidal fluorescence is an optical 
phenomenon: it is the abnormal visibility of the choroidal back- 
ground fluorescence by changes of the pigmentary screen without 
failure of the cellular membrane; this is the classical "window- 
defect". This hyperfluorescence appears early, increases rapidly 
but decreases at the same time as choroidal fluorescence. 
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Real leakage is the abnormal diffusion of fluorescein molecules 
through retinal vascular walls or altered retinal pigment epithelium: 
this hyperfluorescence begins more or less early but increases 
progressively during the angiographic sequence and even at very 
late stages. 


It is essentially the leakage in fluorescein angiography which 
is to be studied during this Symposium on the Blood-Retinal Barrier. 
As a matter of fact, an important part of the interpretation of 
fluorescein angiography is devoted to the analysis and the location 
of breakdown of the blood-ocular barriers in the retina, the optic 
disc and even the iris. 


FLUORESCEIN AND NORMAL BARRIERS 


I. Fluorescein 


Fluorescein is a real biological tracer allowing to test the 
value of blood-ocular barriers. 


The fluorescein molecule has a diameter of only 5.5 R: conse- 
quently it is very small and its molecular weight is: 376. 


After intravenous injection, it binds easily to plasma 
proteins and especially to albumin. In the circulating blood, 80% 
of fluorescein molecules are bound to albumin molecules, which have 
a diameter of approximately 100 8. This combination is easily 
reversible, but only a slight fraction (20%) of fluorescein remains 
free in the circulating blood. It is nevertheless this fraction 
which is the most fluorescent. 


During angiography, one can only analyse transit or fluores- 
cein leakage "photographically detectable", but this is not equi- 
valent to histochemical observation. In fact, angiography consists 
in registering on a film the light emitted by fluorescein appropria- 
tely excited by blue light. It depends on the concentration of the 
dye. Below concentration of 107° g/l, fluorescence is no longer 
detectable. 


II. Angiography and Normal Barriers 


A. The normal fundus. The two barriers which protect the 
retina against leakage of large-sized molecules, the retinal 
pigment epithelium and the retinal vascular endothelium are also 
barriers for fluorescein. 


On the contrary, the absence of a barrier in the choriocapil- 
laris determines the aspect of the choroidal background in angio- 
graphy. 
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Figure 1 


Choroid: The walls of choroidal arteries and veins do not allow 
any apparent leakage of the dye. Choroidal arteries are clearly 
visible in patients with weak opacity of the pigment epithelium 
just before the filling of choriocapillaris. In certain cases, 
choroidal veins are also clearly visible when filled with the dye 
Galiejs dbjhe 


On the contrary, choroidal capillaries have a fenestrated 
endothelium, easily permeable to large molecules and free fluores- 
cein. This leakage is immediate in the choroidal extravascular 
space. The absence of barrier in this location explains that 
details of choroidal circulation are difficult to observe because 
of the rapid hyperfluorescence of the extravascular space. 


In late stages of the angiogram, the choroidal background 
remains fluorescent except the large vessels which appear hypo- 
fluorescent. The large choroidal vessels lying in the pool of 
extravascular dye appear relatively hypofluorescent during the 
late stages of angiography. 


Leakage in the choriocapillaris is easily visible in some 
clinical cases at the border between healthy and abnormal areas, 


as for example in this case of fundus flavimaculatis: during 
early stages, choroidal vessels are abnormally visible through 
the retinal pigment epithelium "window". They are few in numbers 


and do not leak. During arterio-venous stages, leakage appears 
to be escaping from the normal choriocapillaris at the border of 
fee) Ehiesatojojatilie! Ehelerer ((ieake), ely 10) 
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Figure 2 


As far as Bruch's membrane is concerned, it may slow down 
the leakage of circulating macro-molecules, but is not a real 
barrier. 


In the retina, blood-retinal barriers are located at two 
levels: retinal pigment epithelium and retinal vascular endothelial 
GCelslicn 


The retinal pigment epithelium has a double function in 
angiography: Screening function - it partly masks details of the 
underlying choroid. This is especially true for the melanoderm 
patients in the macular area. Barrier function between the choroidal 
extravascular space and the retina. The presence of "zonulae 
occludentes" between retinal pigment epithelium cell constitutes 
a complete barrier against fluorescein leakage from the chorio- 
capillaris towards the retina. 


Retinal vascular endothelial cells are impermeable to fluores- 
cein: there are "zZzonulae occludentes" on the whole intercellular 
surface. These "tight-junctions" restrict molecular movements 
across the vascular walls and especially for circulating macro- 
molecules. 


The passive transfer of free molecules of fluorescein is non- 
significant and photographically not detectable (permeability 
coefficient 0.14x107> em/Ssece,, 2.e., SO times) less than other 
capillaries of the body). 


The optic disc. Angiography is very useful for studying flow 
of interstitial fluid in the anterior part of optic nerve head. 
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Blood vessels of the optic nerve head exercise a blood-optic 
nerve barrier. Their filling by the dye contributes to papillary 
fluorescence during early angiographic stages but there is no 
fluorescein leakage in the nerve tissue. 


On the contrary, a considerable amount of fluid seems to flow 
from the peripapillary choriocapillaris into the anterior part of 
the optic nerve. Through large pores in the choriocapillaris, 
fluorescein leaks out and escapes freely through the border tissue 
of Elschnig to enter the pre-laminar region of the optic nerve head 
but not into the superficial layer of the optic fibers (Fig.3a, b), 


There is also a free leakage from the cerebro-spinal fluid 
in the sheaths of the optic nerve towards the optic nerve head. 
However, there is a blood-brain barrier similar to that of the 
eye and there is no evidence that the cerebro-spinal fluid becomes 
sufficiently concentrated in fluorescein. Thus, the interstitial 
fluid in the anterior part of the optic nerve is probably derived 
from many sources but there are fluorescein leaking junctions only 
in choniocapillaris and border tissue of Elschnig. 


The later hyperfluorescent ring at the border of the disc 


seems to be due to the leakage of the dye through Elschnig's border 
tissue. 


The progressive disc staining may be explained as a staining 
of the collagenous tissue of the cribrosa lamina and the glial 
tissues in the prelaminar region. 


Figure 3 
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B. Iris and ciliary body. Endothelial cells of the iris vesséls 
have a structure similar to that of the retinal vessels. Endothelial 
cells are joined by tight-junctions and "macula occludens" less 
stable than in retinal vessels. Intercellular impermeability is 
less complete than in the retina: a slight leakage of free mole- 
cules of fluorescein may be observed but it does not produce a 
photographic effect. 


During angiography, normal iris vessels appear impermeable to 
fluorescein. However, in approximately 20% of cases, a pupillary 
leakage exists, especially in patients over 50. Certain authors 
consider that no precise value should be attributed to this leakage 
because of the frequency of this observation. But this peri-pupil- 
lary leakage in the anterior chamber is regarded by others as a 
change in the blood-anterior chamber barrier, perhaps related 
to previous diseases like uveitis and glaucoma. 


Blood vessel walls of the ciliary body allow free leakage 
of the dye as in choriocapillaris. The non-pigmented layer of 
the ciliary epithelium presents tight junctions but spaced out 
and allows slow leakage of free fluorescein which can be observed 
in the anterior chamber. In fact, during angiography, ciliary 
processes become very fluorescent. 


III. Fluorescence and Hyperfluorescence 


Normal fluorescence. The normal angiogram is essentially a 
morphological and dynamic record of the two fundus circulations, 
retinal and choroidal that are separated by pigment epithelium. 
A retinal vessel becomes visible when it is filling with the dye 
and if its diameter is not lower than the resolution power. 
Retinal capillaries are large enough to be photographed by 
current cameras. 


Abnormal fluorescence. Barrier changes resulting in hypo- 
fluorescence are poorly known. Breakdown of blood-ocular barriers 
usually results in hyperfluorescence. When hyperfluorescence 
appears, there are two major reasons for its presence: 


-Hyperfluorescence due to abnormal transmission: Isolated 
changes in the retinal pigment epithelium result in an increase 
in the visibility of the normal choroidal fluorescence. There is 
no extravasation of the dye through the retinal pigment epithelium 
but only an optical effect of transparency and no rupture of the 
biological barrier. This is the so-called "window defect". 


-Hyperfluorescence due to leakage: Alteration of the normal 
vascular wall’ permeability in the fundus results in leakage. This 
hyperfluorescence appears early during angiography, as soon as the 
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dye diffuses through altered structures. According to the delay 
of appearance of the dye, this leakage could be of choroidal or 
retinal origin and could be of arterial, capillary or venous 
origin. During the angiography, the surface and the intensity of 
fluorescence increases more or less rapidly, due to the quantity 
of extravasated dye. 


When leakage occurs into normal or abnormal tissue, it is 
referred to as staining. When it occurs into an anatomic space it, is 
called pooling. Leakage Always shows late hyperfluorencence. 


BREAKDOWN OF THE OUTER BLOOD-RETINAL BARRIER: ALTER- 
ATION OF RETINAL PIGMENT EPITHELIUM 


Alteration of the retinal pigment epithelium causing break- 
down of the outer blood-retinal barrier is observed in association 
with many circumstances like: mechanical damage, inflammation, 
defective epithelial cells, choroidal ischemia, biochemical and 
metabolic influences. 


I. RETINAL PIGMENT EPITHELIUM SEROUS 
DETACHMENT 


Definition. R.P.E. serous detachment is not properly due to 
ruptures of the R.P.E. barrier but rather to a decrease or a local- 
ized loss in adherence between the R.P.E. and Bruch's membrane, 
resulting in pooling of fluid, escaping from the choriocapillaris 
into the usually virtual sub-retinal space. 


Usual angiographic aspects. Idiopathic R.P.E. serous detach- 
ment appears as an area of early hyperfluorescence of deep origin 


with rounded and distinct contours. There is no evidence of 
abnormal leakage from retinal vessels. The full extent of the 

late hyperfluorescence is already evident on the early angiogram; 
hyperfluorescence increases progresSively; it is usually homogeneous 
and fills the entire R.P.E. detachment with accumulation and 
abnormal persistance of the dye even in very late stages of angio- 
graphy. Sometimes, a cruciate pigmented figure results in 

localized masking of the hyperfluorescence (Fig. 4a, b, c). 


Evolution is rather variable: sometimes it does not progress 
for several years; sometimes the area extends towards the foveola 
and/or shows subretinal new vessel proliferation. 


Morphological aspects. In clinical cases, many morphological 
aspects may be observed: large R.P.E. serous detachment extending 
over the entire macular region; R.P.E. serous detachment which 
may increase in size, change in shape or enlarge; R.P.E. serous 
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Figure 4 


detachment may persist small, silent, or asymptomatical for years 
even if multiple; R.P.E. serous detachment may be associated with 
central serous chorioretinopathy in the same fundus; but, the 
most important association is with subretinal neovascularization 
suggested by alterations in the normally sharp margins of the 


fluorescence and appearance of a localized area of intense hyper- 
HIMOZeSCenecemO wm nOtmcoOt 


Physiopathogenesis of the hyperfluorescence of R.P.E. serous 
detachment. One more problem remains to be solved: is the hyper- 
fluorescence of R.P.E. detachment only due to the amount of fluid 
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pooling beneath the R.P.E. and transudating from the choroid? 

In this case, the intensity of hyperfluorescence should remain 
similar to that of normal choroidal background; it should stop 
increasing in the late stages when choroidal fluorescence decreases. 
On the contrary, the hyperfluorescence of R.P.£. serous detachment 
still increases. 


Another hypothesis is therefore necessary. The fluid in 
R.P.E. detachment could be particularly rich in proteins and 
bound molecules of fluorescein. The transfer of fluorescein mole- 
cules is not necessarily similar to that of interstitial fluid. 
This should explain why R.P.E. detachment becomes and remains very 
intensively hyperfluorescent. The role of an optimal pH or, maybe, 
the role of a "release" of fluorescein molecules into the transu- 
date could also be considered. 


II. Serous Detachment of Sensory Retina and Idiopathic 
Central Serous Chorio-Retinopathy (C.S.C.R.) 


Definition. Idiopathic central serous retinopathy is defined 
by sensory retinal detachment in macular area. This detachment 
is isolated, but fluorescein angiography brings evidence of very 
localized changes of the R.P.E. 


Typical angiographic aspects. The fluorescein angiogram 
typically shows a pin-point leak at the level of the pigment epi- 
thelium beneath the bullous sensory retinal detachment, during 
the arterio-venous or venous phase of the retinal vascular transit. 


The leak is rarely evident in the very early stages of the 
angiogram, but gradually increases, as some pooling of the dye 
occurs in the subsensory retinal space. In the later stages of 
the angiogram, the dye continues to pool in the bullous retinal 
detachment, but never completely fills it. 


The most frequent hyperfluorescent pin-point is often des- 
cribed as an "ink blot". The hyperfluorescent point enlarges 
concentrically and remains localized but with fuzzy margins. 


The second variety of leak is referred to as a "jet type" or 
"umbrella type" of leak: hyperfluorescence is often very intensive 
and begins to ascend rapidly in the subsensory retinal space 
towards the superior limits of the sensory retinal detachment 
(convectional currents). When it reaches a point close to the 
upper limit, it continues to extend nasally and/or temporally 
(Fig. 5a, b). 


Morphological aspects. In clinical cases, many morphological 
aspects may be observed: small detachments with a weak leakage 
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Figure 5 


point, even in late stages; multiple leakage points and multiple 
sensory retinal detachments; giant bullous serous detachment; 
association with R.P.E. serous detachment 


Physiopathogenesis of the hyperfluorescence Ont One Gale, aia 


origin of the dye leakage, which is the main aniographic sign, isnot 
yet fully understood; alterations in the junctional complexes of 

the pigment epithelium have been implicated; some have suggested 
that the primary event is that of an occlusive change in the chorio- 
capillaris; according to Gass, the anatomical change resulting in 
retinal detachment could be a pigment epithelium detachment, 
usually so small that it cannot be seen biomicroscopically and 
sometimes not clinically detectable. 


Stereoscopic views show that fluorescein is leaking from R.P.E. 
level towards the subretinal space. The spontaneous disappearance 
of the subretinal fluid is usually accompanied by the healing of 
the leakage point. Elective photocoagulation of this point results 
in resorption of the subretinal fluid. 


The leakage of fluorescein in the "jet-type'" form evokes a 
rapid and important fluid flow. This would imply the possibility 
of equivalent resorption so as to restitute an equilibrium. It 
could also be considered that the leakage of the dye is selective 
and not proportional to the plasmatic diffusion. 


III. Subretinal Neovascularization 


Subretinal neovascularization is a histopathologic manifestation 
associated with a number of macular diseases. The clinical recog- 
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nition of subretinal neovascularization is very important in terms 
of management and fluorescein angiography allows a major advance 

in clinical ophthalmology. Subretinal vascular membranes are 
formed of one or several vascular trunks. Their ramifications 
constitute a peripheral anastomotic arcade. These new vessels 
usually develop beneath the pigment epithelium and may represent 
poorly developed junctional complexes. Their proliferation is also 
accompanied by a proliferation of R.P.E. cells (Archer) which 
explains that the neovascular membrane appears to be greyish 

and surrounded by a pigmented halo. 


During angiography, an early hyperfluorescence (in the choroidal 
phase) of the new vessels and the anastomotic capillary arcade 
develops. There is an immediate leakage of the dye into the 
subretinal space. There is no real breakdown of the blood-ocular 
barrier as the neocapillaries of choroidal origin have a quite 
normal structure but have proliferated in an ectopic position. 


Nevertheless this causes a mechanical damage in retinal pigment 
epithelium. 


Hyperfluorescence is early and very intense, it increases 
progressively in intensity and surface during the course of the 
angiography. There is late hyperfluorescence with staining of 
fibrovascular membrane and fuzzy limits indicating leakage into the 
sensory retinal detachment. 


In clinical cases many morphological cases may be observed: 
small neovascular membrane with a.capillary anastomotic arcade; (Fig. 6). 


Yi, 


Figure 6 
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Figure 7 


more extensive membrane with radial vessels; presumed histoplasmosis; 
subretinal neovascular membrane with R.P.E. serous detachment 

("hot spot"); subretinal neovascular membrane associated with 

retinal bullous detachment simulating idiopathic central serous 
chorioretinopathy. 


IV. Particular Cases 
Harada's disease. This disease is rare in Europe, at least 


in its typical form. This uveo-meningeal syndrome is characterized 
by the presence of multiple detachments of the retinal pigment 


FLUORESCEIN ANGIOGRAPHY AND THE BLOOD—RETINAL BARRIER 223 


(e} 


Figure 8 


epithelium associated with a bullous sensory retinal detachment. 
This entity produces leaks from the choroid, at the level of the 
R.P.E: beneath a sensory retinal detachment. 


During angiography, the choroidal vessel filling is irregular. 
Many leaking spots appear very soon, showing extensive pooling 
into the subsensory retinal space from multiple R.P.E. detachments. 
In the late phases of the angiogram, hyperfluorescence is evident 
from the filling of the subsensory retinal detachment. Hyper- 
fluorescence of the disc is usually associated, (Fig. 7a,b,c and 4d). 


The mechanism of this leakage is still controversial: is it 
a primary disease of the R.P.E. 9r is it an inflammatory disease 
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of the choriocapillaris with excessive exudation? Usual recovery 
leaves very few angiographic sequelae in the R.P.E. and this 
suggests that it could be a choriocapillaris inflammatory disease. 


Posterior uveitis. Posterior uveitis and pars planitis may 
show diffuse retinal edema with cystoid macular edema, moderate 
papilledema and slight changes in the retinal venous walls (dila- 
tation and sheathing). Alteration of the blood-retinal barrier 
is a common finding in posterior uveitis, especially when 
associated with chronic retinal vasculitis (Fig. 8a, b, c). 


During angiography, rapid and marked hyperfluorescence of the 
choroidal background is observed , associated with dilatation of 
the retinal capillaries and significant leakage of the dye. 


Retinal edema could also be due to fluid diffusion from the 
choriocapillaris through the R.P.E., altered by the inflammation. 
The dye is pooling in small juxtaposed "cysts". Should this aspect 
be related only to cystoid retinal edema or furthermore be related 
also to the disposition of the units of choriocapillaris. 


Focal chorioretinitis. Focal or multifocal chorioretinitis 
results in an acute but localized breakdown of B.R.B. Fluorescein 
angiography has shown first hypofluorescence during the early 
choroidal phase due to the filling defect of the choriocapillaris 
in the area of the focal choroiditis. During later stages, hyper- 
fluorescence appears progressively, first located at the choroidal 
level, with staining of necrotic tissues: choriocapillaris, R.P.E., 
and retina. There is also some leakage towards retina, through 
altered R.P.E., resulting in retinal edema. 


Retinal vessels crossing the chorioretinitis area may be 
altered by the inflammatory process causing more or less marked 
changes of the vascular walls and inner blood-retinal barrier, 
associated with the alteration of R.P.E. This damage is also 
observed in a group of situations which include thermal or cold 
injury, photocoagulation and trauma. 


Acute multifocal posterior placoid pigment epitheliopathy 


(A.M.P.P.P.E.). This disorder is a bilateral acute inflammation of 
the R.P.E. and choriocapillaris. The ophthalmoscopic examination 
demonstrates yellowish multifocal flat lesions in the posterior 
pole. 


The characteristic fluorescein angiogram demonstrates, in 
the acute stage, hypofluorescence of the yellowish lesions during 
the early phase. Later in the angiogram, progressive and moderate 
hyperfluorescence can be seen, indicating fluorescein staining of 
the lesions which remain well limited. There is no intraretinal 
leakage-as in acute focal chorioretinitis.(Fig. 9 a, b). 
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Figure 9 


The interpretation of the angiographic aspect is still contro- 
versial: is it only epitheliopathy with thickening or swelling of 
the pigment epithelium? In this case, early hypofluorescence 
could be blocked fluorescence. The late staining could be explained 
by diffusion of fluorescein through altered retinal pigment epi- 
thelium. However, this does not result in an extensive sensory 
retinal detachment. 


Choriocapillaris could be involved with inflammatory cellular 
infiltration. Early hypofluorescence could be suggestive of non- 
perfusion of the choriocapillaris, caused by acute occlusion of 
the precapillary arterioles induced initially by inflammation. 
Late hyperfluorescence would be due to the staining of R.P.E. and 
the necrotic underlying retina: leakage of the dye would have his 
origin from the adjacent units of choriocapillaris. 


Serpiginous choroidopathy. Serpiginous choroidopathy or 
geographic helicoid peripapillary choroidopathy is a disorder of 
the peripapillary pigment epithelium, choriocapillaris and choroid. 
The condition is unilateral in most cases, occurs in older subjects, 
and is progressive, extending out from the disc and advancing into 
the macula with recurrent attacks. It is more destructive than 
acute placoid pigment epitheliopathy (Fig. 10 a, b). 
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Figure 10 


The fluorescein angiogram of this lesion is very characteristic: 
in early phases of the angiogram, the main part of the lesion is 
dark and hypofluorescent; in the late phases appears spotty hyper- 
fluorescence without leakage. The older portion of the lesion shows 
hyperfluorescent staining caused by subretinal scanning. Sequelae 
are more severe than in acute placoid epitheliopathy and atrophy 
of R.P.E. and choriocapillaris is usually marked in the center of 
the lesion. 


Argon laser burns. Argon laser photocoagulation results in 
local destruction of R.P.E., of the adjacent retina, and of the 
adjacent choriocapillaris. The immediate whitish appearance taken 
by each spot is probably due to burning and to intracellular edema 
OH Role uke 


The angiographic aspect of a recent argon laser burn is similar 
to that of acute placoid epitheliopathy: early hypofluorescence of 
the lesion and late staining. The aspect of late lesions is similar 
to chorioretinal atrophic localized area. 


Following argon laser photocoagulation, the R.P.E. barrier 
appears to be temporarily destructed. Later it recovers partially, 
showing no permeability to plasma proteins; but it allows diffusion 
of small-sized molecules, as demonstrated by experimental studies 
with dextrans of molecular weight ranging between 3.000 to 150.000. 


These findings explain the retinal edema which always follows 
argon laser photocoagulation. This edema is probably related to 
the massive passage of proteins. It may become very extensive 
and durable in cases of excessive photocoagulation. 
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Moreover, photocoagulation could have a beneficial effect on 
macular edema. The persistence of a certain degree of permeability 
of the R.P.E., together with the hydrostatic pressure of the vit- 
reous on the retina, could explain the possibility of resorption 
of intraretinal edema towards the choroid. 


Choroidal tumors. Choroidal nevi and melanomas frequently 
demonstrate degenerative changes of the overlying R.P.E. The area 
corresponding to a nevus shows hypofluorescence but some nevi have 
overlying drusen with early focal hyperfluorescent spots. In some 
cases, when exudative changes develop over a nevus, the fluores- 
cein angiogram will show late hyperfluorescence, small R.P.E. 
serous detachments and spots of leakage (Figs. 11 a, b). 


Choroidal melanoma shows hyperfluorescence during the entire 
angiogram, but there are usually many complex features. Hyper- 
fluorescence begins in focal areas scattered diffusely throughout 
the tumor. This results from leakage of dye through Bruch's mem- 
brane and areas of R.P.E. degeneration. Later, fluorescein 
begins to leak into the outer retinal layers. In the later phases, 
the persistent hyperfluorescence is due to the pooling of dye in 
small serous detachments of R.P.E. and into subretinal space and 
in serous detachment of sensory retina. Pin-point hyperfluores- 
cent spots may be observed during angiography. They most likely 


represent tiny areas of degeneration within the retinal pigment 
epithelium. 


Figure 11 


228 GABRIEL COSCAS 


Figure 12 


BREAKDOWN OF THE INNER BLOOD-RETINAL BARRIER 


Breakdown of the blood-retinal barrier with a significant 
degree of alteration of the retinal vessel wallS permeability has 
been demonstrated in almost every retinal vascular disease: 
arteries, capillaries and veins may be involved. Experimental 
and clinical observations point to one or more of the following 
six causes of breakdown of the barrier: acute distention of the 
vessel walls; ischemia-hypoxia; biochemical influences; inflamma- 
tion; defective endothelial cells; failure of the active transport 
processes. However, in most cases, tissular consequences of this 
breakdown of the inner blood-retinal barrier are the same: diffuse 
edema and/or cystoid edema, retinal serous detachment, retinal 
hemorrhages and, later, hard exudates. 


A. Arteries. The arterial walls resist well to the agressions. 
In some cases transient leakage may be observed, especially in 
arteritis or following intensive photocoagulation. 


B. Retinal capillaries. Involvement of the endothelium of 
retinal capillaries is seen in a great number of retinal vascular 
diseases. Three types of elementary lesions can be described: 
dilatation, leakage, and exclusion or non-perfusion. 


Isolated leakage with or without visible dilatation of the 
retinal capillaries is probably the initial sign of the 2 main 
types of retinal vasculopathies. 


In diabetes and especially juvenile diabetes (Fig. 12), 
multiple leakage spots of the dye from retinal capillaries were 
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seen in the absence of microaneurysms. This leakage is probably 
the earliest clinical symptom of barrier alteration. This altera- 
tion is reversible after treatment and clinical studies have 

shown that there is a correlation between the alteration of B.R.B. 
and the diabetic metabolic control. 


In severe hypertension, the increase in wall-permeability of 
the terminal arterioles or of the capillary bed is an early sign of 
hypertensive retinopathy. This change in the vascular barrier is 
due to the elevated blood pressure with acute distension of vessel 
walls and/or to the action of excessive secretion of angiotensin. 


Microaneurysms often coexist with an alteration of the vascu- 
lar endothelium (hypertension, diabetes, venous occlusion). Their 
angiographic aspect is variable and is probably related to the 
state of the endothelium 


-filling without leakage 
-filling with more or less severe leakage (Fig. 13a, b) 
-absence of filling 


The extent of capillary dilatation may be important and perma- 
nent like in diabetic retinopathy and edematous central vein 
occlusion. This capillary dilatation may be very easily defined 
by fluorescein angiography. 


The capillary bed fills more or less rapidly, depending on 
arterial flow and venous resistance. The capillaries are "too 
easily" visible because they are dilated and they appear to be 
more spaced out from each other than normally. Leakage of the 


Figure 13 
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dye appears progressively in the retinal tissue and rapidly masks 
capillary details. 


Hyperfluorescence increases at the late stages producing 
cloudy diffuse edema. In some cases, the dye collects in intra- 
retinal spaces producing cystoid or microcystic retinal edema. 


In diabetic retinopathy, the initial change probably occurs 
in the basal membrane of the capillary endothelium. In venous 
occlusions, capillary dilatation is directly related to stasis 
and venous hyperpressure. In venous stasis retinopathy, dilatation 
and dye leakage are the main features and justify the term of 
edematous capillaropathy. Obstruction to flow produces both 
dilatation of some capillaries and non-filling of others. 


Hyperpressure and stasis causes vascular distension and some 
degree of breakdown of the barrier at the level of endothelial cells. 
This capillary change is often spontaneously reversible if venous 
flow is reestablished or if the development of collateral circula- 
tion is efficient. 


C. Veins. The abnormal permeability of retinal venous walls 
has been demonstrated in many vascular diseases: venous hyperpressure; 
ischemic capillaropathies; inflammatory vasculitis. The breakdown 
of the barrier is shown by wall staining and leakage. In late 
stages of angiography, the vein lumen becomes less fluorescent 
(depending on blood concentration) but the walls become hyperfluo- 
rescent. The vein appears as two hyperfluorescent lines framing 
a less fluorescent lumen. The diameter of the vein, appears then 
much larger than its diamter in red free light. 


Leakage is slow and moderate and results in lage stages, in 
cloudy masking of the vein. It extends rarely to more than one or 
two venous diameters of the vein itself. 


There are many causes for these wall changes. The alteration 
is more severe when several factors are associated but each of them 
is sufficient to produce wall staining and leakage: 


-Ischemic change in arterial occlusion without vein occlusion 
(hypertensive retinopathy). Ischemia appears to be a main 
cause of damage to the blood retinal barrier and plays a 
major role in retinal vascular disease by making the vascular 
endothelium vulnerable to other and further influences. 

-Venous hyperpressure in R.C.V.O. 

-Ischemia with hyperpressure, like in diabetic retinopathy 
with venous dilatation and venous loop. 

-Inflammatory changes in peripheral periphlebitis. 

-Ischemia, hyperpressure, and inflammation in Behcet's disease 
with inflammatory venous occlusion. 
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Figure 14 


D. Tissue damage due to breakdown of the inner blood ocular 
barrier (alteration of the retinal vascular endothelium). 
Hyperpermeability of the retinal vessels results in retinal edema, 
hemorrhages and, later on, hard exudates. Retinal edema becomes 
clearly visible by dye leakage and late hyperfluorescence. It is 
always present when there are hemorrhages and/or exudates. 
Fluorescein angiography demonstrates capillary dilatation and 
leakage but does not always allow to understand why the resulting 
edema is sometimes cloudy and diffuse and sometimes of cystoid 
character. One may evoke the role of the volume of extravasated 
fluid, of the duration of the change in the blood-retinal 
barrier and the size of the molecules and, maybe, alteration of 
IR 5d? og JEhes 


Angiographic aspect of cystoid macular edema is well known 
(Fig. ie, b): 

-Partial blockage of choroidal background fluorescence in early 

phases; 

-Dilatation and abnormal visibility of macular capillaries; 

-Intraretinal dye leakage from the deep perifoveal capillaries; 

-Dye pooling in cystoid spaces; 

-Papillary hyperfluorescence is frequently associated in 

aphakia. 


In Irvine-Gass syndrome, the cause of breakdown of B.R.B. is 
still controversial; for some authors the cause could be essentially 
mechanical due to vitreous traction before the complete posterior 
vitreous detachment. But for the majority of authors, intraocular 


inflammatory disease might be the most significant contributing 
PACT OIm. 
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Figure 15 


Fluorescein angiography shows that leakage is coming from 
perifoveal capillaries. But pigment epithelium seems also changed. 
According to Tso, after experimental aphakia in monkeys, macular 
capillary endothelial cells and macular pigment epithelium are 
abnormally permeable to horseradish peroxydase. 


The role of the passage of aqueous humor towards the vitreous 
remains controversial but it seems that the incidence of macular 
edema is lower in patients after extra-capsular extraction than 
intra-capsular extraction. 


Cystoid macular edema may occur as a complication of many 
retinal vascular disorders as diabetic retinopathy, retinal vein 
occlusion, retinal telangiectasia and uveitis with retinal 
vasculitis. 


Cystoid edema may be very extensive far beyond the macula. 
In the periphery, capillary dilatation is sometimes less evident 
and the role of the barrier breakdown of pigment epithelium in the 
genesis of this cystoid edema has to be mentioned. 


E. Abnormal vessels in the fundus. In vascular developmental 
defects such as those of Coat's disease and angiomatosis retinae, 
there is profuse fluorescein leakage but not always. This is 
probably directly related to the degree of alteration of endothelial 
vascular cells (Fig. 15a,b). 


Collateral channels (arterio-venous or veno-venous) appear by 
remodeling of the preexistent vascular bed with dilatation and 
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Figure 16 


progressive change of some retinal capillaries after vascular 
obstruction. Their wall structure is maintained due to rapid 
proliferation of their endothelial cells. 


Collateral channels do not leak. Collateral channels seem 
to be less altered than other capillaries because they have to 
drain the blood towards an area of less resistance without stasis. 


New vessel proliferations are originating by budding on venous 
walls or pre-existant capillaries and outside of the normal capil- 
lary bed. They spread out at the border of the ischemic retinal 


Figure 17 
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Figure 18 


areas. Their walls are completely abnormal, they have no mural 
cells, their basal membrane is very thin and the walls present 
fenestration and poorly developed junctional complexes (Fig. 16) 


During angiography, there is an early, rapid and extensive 
leakage from these new vessels and their anastomotic arcades. 


Nevertheless, some collateral channels allow dye leakage and 
intraretinal exudation (Fig. 17). 


On the other hand, "intraretinal" new vessels may not leak. 
Their histologic structure is quite the same as those of normal 
capillaries except at their end, where endothelial cells without 
tight junctions are proliferating. 


BREAKDOWN IN THE BLOOD-OCULAR BARRIER AT THE LEVEL OF THE DISC 


Papilledema. Edema of the optic nerve may occur from a number 
of primary and secondary disorders of the optic nerve. Fluorescein 
angiogram demonstrates characteristic changes which include pro- 
nounced dilatation and leakage of the superficial and intra- 
capillary disc capillaries and late staining of the disc (Fig.18a,b). 


Late hyperfluorescence can be explained by necrotic tissue 
staining. 


Fluorescein is leaking in the disc from neighboring chorio- 
capillaris through the border tissue of Elschnig and staining the 
intracellular material. 


PATHOLOGY OF THE BLOOD-RETINAL BARRIER 


Mark O.M.-Tso, M.D. 
University of Illinois Eye and Ear Infirmary 


1855 West Taylor Street, Chicago, Illinois 


The primary sites of the blood-retinal barrier are the 
endothelium of the retinal capillary and the retinal pigment 
epithelium (RPE). Yet, these two types of cells are very 
different. Embryologically, the endothelium of the retinal 
capillary is of mesodermal origin, but the RPE derives from 
neuroectoderm. Structurally, the retinal capillary is of the 
continuous type. The apices of the endothelial cells of the 
retinal capillary are in direct contact with the bloodstream, 
and the villi of the endothelial cells are believed to be 
specialized for transport function. Endothelial cells are joined 
to each other by a zonula occludens type of cell junction. In 
contrast, the RPE is not in direct contact with the bloodstream. 
Nutrients from the choroidal circulation pass through the fenes- 
trated endothelium of the choriocapillaris and Bruch's membrane 
to reach the base of the RPE. The basal plasmalemma of the RPE 
cells develops numerous infoldings to facilitate the transport 
function. The RPE cells are joined to each other by zonula 
adherens and zonula occludens types of cell junctions. Physiol- 
ogically, while the endothelial cells are specialized for trans- 
port function, the RPE serves as the metabolic warehouse for the 
retina and provides support for photoreceptor cells in addition 
to its function as the blood-retinal barrier for the outer retina. 


Both the endothelium of the retinal capillary and the RPE are 
noncycling cells under normal conditions, that is, there is no 
proliferation or replacement of cells in the normal phsiologic 
state. Deem, Futterman, and Kalina? have shown that when tri- 
tiated thymidine is supplied to the normal endothelial cells of 
the retinal capillary, there is essentially no uptake of thymi- 
dine, suggesting that endothelial cells do not normally multiply. 
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When injury such as needling of the lens produces an inflammatory 
reaction in the eye, proliferation of endothelial cells, as 
manifested by tritiated thymidine uptake, is observed. The 
multiplication of cells seems limited only to endothelial cells of 
postcapillary venules and no excessive proliferation is seen. The 
RPE cells also are noncycling, and mitosis is rarely, if ever, 
seen in the normal retina. However when injured, the RPE may 
multiply and develop nodular proliferation. Because endothelial 
cells of the retinal capillary and the RPE are very different 
embryologically, structurally, and physiologically, they behave 
distinctly in pathologic conditions of the blood-retinal barrier. 


PATHOLOGY OF THE ENDOTHELIUM OF THE RETINAL CAPILLARY ASSOCIATED 
WITH DISRUPTION OF THE BLOOD-RETINAL BARRIER 


In diseases, the cell junctions or the plasmalemma of the 
endothelial cells may be injured, resulting in disruption of the 
blood-retinal barrier. These pathologic alterations may be 
conveniently described into five categories. 


1. Disruption of Cell Junctions 


In various diseases, the zonulae occludentes between the 
endothelial cells may be opened and macromolecules may leak from 
the intravascular compartment. In cystoid macular edema after 
cataract extraction, disruption of the blood-retinal barrier at 
the retinal blood vessels, resulting in leakage of fluorescein is 
commonly observed clinically. To study the mechanisms of dis- 
ruption of blood-retinal barrier in this condition, lens extrac- 
tion associated with vitreous loss was performed in the normal 
rhesus monkey. Postoperatively horseradish peroxidase was in- 
jected intravenously to detect the retinal vascular leakage. By 
electron microscopy, the tracer material was observed to pass 
between endothelial cells presumably due to disruption of tight 
cell junctions and, extended from the lumen of the blood vessels 
to the perivascular space (Fig. 1). 


Wallow and Engerman studied the blood-retinal barrier in an 
Alloxan-induced diabetic dog with a five-year history of poorly 
controlled diabetes. They observed that the endothelial cell 
junctions of the retinal capillary were opened and that horse- 
radish peroxidase passed between the endothelial cells to the 
perivascular space. 


2. Increase of Pinocytotic Activity 


Pinocytotic activity and vesicular transport are commonly 
observed in the normal endothelium of the skeletal muscles, but 
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Figure 1. Disruption of blood-retinal barrier at a retinal blood 
vessel of a rhesus monkey who had lens extraction with vitreous 
loss. Horseradish peroxidase leaks from the lumen of the capil- 
laries and infiltrates the basement membrane of the endothelial 
cells. Tracer material is seen passing between endothelial cells 
(white arrows) presumably as a result of opening of cell junction. 
RBC, red blood cell; L, lumen; E, endothelial cell; S, extra- 
vascular interstitial space. 


few vesicles are seen in the endothelium of the normal retinal 
capillary.® An increased number of vesicles containing horse- 
radish peroxidase was observed in the endothelial cells of retinal 
capillary of monkeys that had lens extraction associated with 
vitreous loss4 (Fig. 2). At the abluminal side of the endothelial 
cells, vesicles filled with tracer material also communicated 
freely with the extravascular interstitial space. Tracer material 
infiltrated the basement membrane of the endothelial cells and 
pericytes. Similarly, increased pinocytotic activity was_observed 
in retinal capillary of cats with retrolental fibroplasia’ and in 
monkeys with ocular hypotony secondary to cyclocryotherapy. How- 
ever, how much the increased pinocytotic activity quantitatively 
contributes to the disruption of blood-retinal barrier is unknown. 


3. Focal Attenuation of the Cytoplasm of Endothelial Cells 


In the eye, capillaries of the fenestrated type are normally 
seen only in the choroid and the ciliary body. Macromolecules 
may transverse these fenestrations which are covered by thin 
diaphragms. In disease conditions, fenetrated blood a nee have 
been seen in the iris of Pawo with rubeosis iridis~’ or 
with diabetic retinopathy. It has been proposed that these 
fenestrations are the locus leakage in human intraocular 
neovascularization. 
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Figure 2. Disruption of blood-retinal barrier at the retinal 
vasculature of a monkey which had lens extraction with vitreous 
loss. Numerous vesicles are seen in the lumenal and ablumenal 
side of the endothelial cells of a retinal blood vessel. Horse- 
radish peroxidase infiltrates the basement membrane of the 
endothelial cell and pericytes (double arrows) as well as the 
extracellular interstitial space (black and white arrows). L, 
lumen; RBC, red blood cells. 


We also have observed focal attenuation of cytoplasm in the 
endothelium of vitreous neovascularization in kittens with retro- 
lental fibroplasia’ (Fig. 3). Even though diffuse leakage of 
fluorescein has been observed in these capillaries, fenestrated 
capillary are uncommonly observed. 


4. Failure of Formation of Tight Cell Junctions 


In a horseradish peroxidase tracer study of kittens with 
retrolental fibroplasia, / we have observed leakage of tracer 
material between adjacent endothelial cells of retinal or vitreous 
new blood vessels (Fig. 4). These cell junctions frequently 
appear open. It seems logical to assume that these cell junctions 
are not formed properly since these blood vessels are new pro- 
liferations. It must, however, be pointed out that it is diffi- 
cult to differentiate failure of formation of tight cell junctions 
from disruption of tight cell junctions. 


5. Necrosis and Decompensation of the Endothelial Cells 


In some retinal vasculopathies the endothelial cells are 
decompensated. This allows tracer material to pass through the 
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Figure 3. Blood vessels in the vitreous of a kitten with retro- 
lental fibroplasia. Noteworthy is focal attenuation (arrows) of 
the cytoplasm of a endothelial cell. 


plasmalemma into the cytoplasm of the cells and subsequently into 
the perivascular interstitial space (Fig. 5). The tracer may 
diffuse in the ground substance of the cytoplasm of the endo- 
thelium. The endoplasmic reticulum is frequently dilated, and 
mitochondria appear irregular. We have observed this pathologic 
alteration in endothelial cells of retinal capillary of monkeys 
that had lens extraction with vitreous loss4 and in retinal 
capillary of kittens with retrolental fibroplasia. Endothelial 
cell degeneration in the latter disease was previously described 
by Ashton et all2 and our observation of passage of horseradish 
peroxidase into these cells confirms the severe pathologic state 
of these blood vessels. 
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Figure 4. Disruption of blood-retinal barrier at a retinal blood 
vessel of a kitten with retrolental fibroplasia. Tracer material 
(arrows) passes from the lumen (L) between endothelial cells (E) 
into the basement membrane (BM) of the endothelial cells, pre- 
sumable as a result of failure of formation of normal tight cell 
junctions. 


PATHOLOGY OF RPE ASSOCIATED WITH DISRUPTION OF THE 
BLOOD-RETINAL BARRIER 


The condition of the blood-retinal barrier at the RPE depends 
on the integrity of the plasmalemma and the cell junctions of 
these cells and the pathologic changes of pigment epithelium or 
its cell junctions may be conveniently described in four 
categories. 


i Dissolution wor —Gelllis 


In severe injury to the RPE, acute necrosis leads to dis- 
solution of the cells. In a collaborative study with Dr. Sohan 
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Figure 5. Decompensation and necrosis in an endothelial cell 

(El) of a retinal blood vessel in a monkey who had lens extraction 
with vitreous loss. The endoplasmic reticulum is dilated. Horse- 
radish peroxidase infiltrated the plasmalemma and the ground sub- 
stance of the cytoplasm of the endothelial cell. The basement 
membrane (double arrows) of the endothelial cells and the peri- 
cytes are infiltrated by tracer material. A number of vesicles 
(single arrow) filled with tracer material is also present. L, 
lumen of blood vessel, E2, endothelial cell which is not decom- 
pensated. 


S. Hayreh, we have observed that six hours after occlusion of the 
short posterior ciliary artery, some of the RPE cells in the 
posterior retina of the rhesus monkey showed dissolution and dis- 
appears from Bruch's membrane (Fig. 6). As a result, outer 
segments of photoreceptor cells were in direct apposition to 
Bruch's membrane. 


Two days after the posterior pole of the rhesus monkey is 
exposed to the light of an ophthalmoscope (American Optical) for 
one hour, 13,14 dissolution of the RPE was observed in the center 
of lesion and the outer segments approached bare Bruch's membrane. 
In both instances, during the acute phase of the disease, no 
macrophages were observed in the subretinal space. The necrotic 
RPE was quickly removed and disappeared from Bruch's membrane. 
The exact mechanism by which the necrotic cells were removed from 
the subretinal space is not yet determined. In horseradish 
peroxidase tracer studies, of these severe cases of pigment 
epithelial injury, the tracer substance passed from the chorio- 
capillaris through the bare Bruch's membrane into the subretinal 
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Figure 6. Dissolution of the retinal pigment epithelial cells, 
six hours after occlusion of the short posterior ciliary artery. 
RPE cells (arrows) disappear from Bruch's membrane and photo- 
receptor outer segments are in direct contact with Bruch’s mem- 
brane. Note the absence of macrophages in the subretinal space. 
No retinal detachment is observed. 


space and traversed the external limiting membrane into the 
interstitial space of the outer nuclear layer. Yet no retinal 
detachment was seen. 


ZINE CGOSES Os aGedars 


When the RPE is necrotic the blood-retinal barrier is 
broken. Tracer substance passes through the pigment epithelium 
and accumulates in the subretinal space. The necrotic cells 
appear freely permeable to horseradish peroxidase, and the cyto- 


plasm of these cells does not seem to retain tracer material 
Giles Wo 


There are several forms of necrosis of the RPE. After the 
retina is exposed to bright light, coagulative necrosis may be 
seen in the RPE. The cells are shrunken and the plasmalemma 
appears discontinuous. The cytoplasm is granular and the mito- 
chondria disintegrated (Fig. 8). In contrast, liquefactive 
necrosis is observed in RPE in eyes suffering from ischemia. 
Swelling of the RPE cells is noted, the cytoplasm of the RPE 
becomes watery, and the plasmalemma appears discontinuous. The 
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Figure 7. Liquefactive necrosis of retinal pigment epithelium of 
rhesus monkey six hours after short posterior ciliary artery was 
occluded. Noteworthy is the marked swelling of cells. Horseradish 
peroxidase (arrows) infiltrates the subretinal space and is 
temporarily stopped by the cell junctions of the external limiting 
membrane. 


mitochondria are broken up into lamellar bodies with vesicle 
formation. In both types of necrosis, the RPE is freely permeable 
to tracers. In spite of the extensive necrosis of the pigment 
epithelium, the cell junctions between adjacent pigment epithelial 
cells appear to be present (Fig. 8). 


3. Disruption of Cell Junctions 


The disruption of tight cell junctions as a sole pathologic 
alteration in the disruption of the blood-retinal barrier is un- 
commonly observed because the RPE cells appear to be more suscep- 
tible to injury than their cell junctions in most diseases. In 
a study of proliferative changes of the RPE over malignant 
melanoma, we have noted that cell junctions between the RPE cells 
appear to be open and the adjacent cells do not appear necrotic!5 
(Fig. 9). Horseradish peroxidase has also been observed to pass 
between the RPE into the subretinal space presumably due to dis- 
te of the cell junctions in a monkey which had lens extrac- 
tion. 
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Figure 8. Coagulative necrosis of retinal pigment epithelium 
after having been exposed to the indirect ophthalmoscope light 

for one hour. The cytoplasm of the cells appears granular. The 
mitochondria (M) are broken up. The plasmalemma is discontinuous. 
Cell junctions are, however, still present between adjacent cells 
(arrows). Horseradish peroxidase was injected intravenously into 
this animal but the tracer material passes through Bruch's mem- 
brane and pigment epithelium rapidly so that no horseradish per- 
oxidase reaction product is seen in the necrotic cells. 
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Figure 9. The retinal pigment epithelium of a patient with 
malignant melanoma. Note the opening of cell junctions (arrow) 
between adjacent proliferative pigment epithelial cells. 


4. Decompensation of Cells 


In certain pathologic states, the RPE appears decompensated 
but not necrotic. The cells are mildly edematous, the endoplasmic 
reticulum is dilated, and the mitochondria are irregular, but the 
plasmalemma is continuous and the cell junctions frequently re- 
main intact. When horseradish peroxidase is administered intra- 
venously, the tracer material passed into the cytoplasm of these 
decompensated cells (Fig. 10). In a mildly decompensative phase, 
the tracer substance may not enter the nuclear or the mitochondrial 
matrix. In amore severely decompensative phase, the tracer 
material passes from the cytoplasm through the apices of these 
cells into the subretinal space (Fig. 11). We believe that these 
cells are injured but are not necessarily necrotic. They are 
typically seen in chronic retinal diseases. In the retina of a 
rhesus monkey that has undergone lens extraction with vitreous 
loss, decompensation of RPE is observed in the posterior pole 
where tracer material passes through the plasmalemma and remains 
in the cytoplasm. Similar injury is observed in the pigment 
epithelium of a rhesus monkey that has developed ocular hypotony 
secondary to cyclocryotherapy. 


CONSEQUENCES AFTER DISRUPTION OF THE BLOOD-RETINAL BARRIER 


After the blood-retinal barrier is broken at the pigment 
epithelium, tracer material infiltrates the retina by an extra- 
cellularly or an intracellularly routine. After passing through 
the RPE cells or their cell junctions, the tracer material extends 
into the subretinal space. Some tracer material is temporarily 
stopped by the zonulae adherentes of the external limiting' 
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Figure 10. The retinal pigment epithelium of a monkey which had 
lens extraction showing horseradish peroxidase permeated the 
cytoplasm of three cells (upper figure). Tracer material in- 
filtrates the cytoplasm of cell El but spares cell E2. N, nucleus; 
BM, Bruch's membrane. 


membrane. Even though these cell junctions are not tight cell 
junctions, they are capable of impeding diffusion of the sub- 
retinal horseradish peroxidase. In cases of severe disruption of 
the blood-retinal barrier, tracer material passes through the 


external limiting membrane to the interstitial space of the outer 
nuclear layer. 
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Figure ll. The retina of rhesus monkey which had been exposed to 
the light of an AO indirect ophthalmoscope of 1% hours. The 
animal was sacrificed 24 months later. The retinal pigment 
epithelium is still decompensated and horseradish peroxidase is 
observed in the subretinal space. Note the integrity of the 
photoreceptor cells in spite of the history of decompensation of 
the pigment epithelium for 24 months. 


Some of the tracer material also extends from the subretinal 
Space into the cytoplasm of photoreceptor cells. The cone cells 
appear to be more frequently involved than the rod cells.4 Sim- 
ilarly, the cone pedicles at the outer plexiform layers are more 
frequently impregnated with tracer material than the rod spherules. 
The cytoplasm of some of the cells at the inner nuclear layer may 
be also filled with tracer material. Occasionally, ganglion cells 
are infiltrated with tracer. While the mechanisms of passage of 
tracer material in these cells are unknown, it is possible that 
some tracer material passes from the photoreceptor cells tran- 
synaptically through the bipolar cells to the ganglion cells. 


The tolerance of the photoreceptor cells to mild disruption 
of the blood-retinal barrier at the RPE is remarkable. We have 
observed by fluorescein angiography that the blood-retinal barrier 
at the pigment epithelium in the retina of a monkey appeared leaky 
for 3 years and 10 months after having been exposed to the light 
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of an indirect ophthalmoscope. The disruption of the barrier was 
subsequently confirmed by horseradish peroxidase study. Yet histo- 
logically, no degeneration of the photoreceptor cells was observed, 
even though there was mild retinal edema at the outer plexiform 
layer. 


REPAIR OF THE DISRUPTION OF THE BLOOD-RETINAL BARRIER AT THE RPE 


Even though the cells of the RPE are noncycling and do not 
proliferate under normal conditions, they have a great capability 
for regeneration and proliferation after injury. 


1. Regeneration and Recovery of the RPE 


After a necrotic lesion has been inflicted, the normal RPE 
cells surrounding the lesion flatten and migrate to reline Bruch’s 
membrane. Mitosis and proliferation may be observed in the RPE 
cells in the vicinity of the lesion. Tight cell junctions develop 
between these newly formed RPE cells. Even though some of the 
cells may be devoid of pigment granules and may appear thin or 
atrophic, they may still re-establish their function as a blood- 
retinal barrier (Pig. 12). 


2. Placotd Proliferation of the RPE 


Following a severe injury, the RPE may undergo placoid 
proliferation. The proliferated RPE cells appear spindly and have 
been described as being under "fibrous metaplasia".!3,14 Electron 
microscopic examination of these proliferated cells shows that 
they produce basement membrane, join to the adjacent cells with 
cell junctions and retain some of the epithelial characteristics 
to the RPE.13,1 The innermost layer of cells in placoid pro- 
liferation remains cuboidal and restore relationship with the 
photoreceptor outer segments. The RPE cells at placoid prolifer- 
ation tend to remain decompensated for a longer time but some 
may eventually recover their blood-retinal barrier. 


3. Failure of Regeneration of RPE 


However, if the retinal lesions are large and the cells ad- 
jacent to the necrotic area are severely decompensated, prolifer- 
ation of RPE may not occur. Glial cells from the retina may grow 
over Bruch's membrane without regeneration of RPE in the lesion. 
As a result, there is a permanent loss of blood-retinal barrier 
and a chorioretinal scar develops. 
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Figure 12. Recovery of the RPE barrier in the retina of monkey 
after having been exposed to the light of an indirect ophthalmo- 
scope for 1% hours. The RPE is depigmented but the cell junctions 
are reformed (arrows) and no horseradish peroxidase is observed 

in the subretinal space. 


4. Chronic Decompensation of the RPE 


In still other lesions, the RPE cells remain chronically de- 
compensated and the blood-retinal barrier is continuously being 
disrupted. Yet, no necrosis provides stimulus for proliferation 
of the adjacent pigment epithelium. In such conditions, decom- 
pensation of pigment epithelium may last for many months, result- 
ing in eventual retinal edema and decompensation of the photo- 
receptor cells. Therefore, it is most important in such disease 
states to produce acute necrosis in these cells by argon laser 
or xenon-arc photocoagulation so that the surrounding healthy 
pigment epithelium is stimulated to proliferate and reline Bruch's 
membrane. The blood-retinal barrier may then be reformed and 
chronic retinal edema will be prevented. 


From the Georgiana Theobald Ophthalmic Pathology Laboratory, 
University of Illinois Eye and Ear Infirmary, Chicago. This in- 
vestigation is supported in part by Public Health Service Grants 
EY01903 and EY01904 and 1P30EY01792 and EY703802. Dr. Tso is a 
Research to Prevent Blindness—-William Friedkin Scholar, 1976-1977. 
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RETINAL EDEMA: POSTULATED MECHANISM(S) 


Paul Kenking, Roy W. Bellhorn and Burton Schall 


Department of Ophthalmology 
Montefiore Hospital & Medical Center/Albert Einstein 
College of Medicine, Bronx, New York, U.S.A. 


Retinal edema has been recognized and described by ophthalmolo- 
gists and ophthalmic pathologists for more than a century (Duke-Elder, 
1941, 1967). The advent of fluorescein angiography as a practical 
clinical procedure has revealed that retinal edema is very common, 
and a major cause of visual disturbance in many conditions (Table 1). 
In spite of this veritable explosion in clinical knowledge, little 
has been written about the mechanism(s) of retinal edema. It is gene- 
rally recognized that the edema follows some derangement of either 
the blood-retinal (BR).or retinal pigment epithelial (RPE) "barrier". 
While there is some information of a general nature concerning these 
barriers, little is known about the quality and quantity of materials 
which normally traverse the barriers in order to nourish the retina, 
and even less about the composition of edema fluid. 


Retinal edema can be simply defined as an excess of fluid within 
the retinal tissue. With this broad definition, the edema could be 
intra or extracellular, or both. At-the outset, we stress that reti- 
nal edema is not a disease entity, but rather a sign occurring in 
the course of many disorders. A variety of clinical and histopatho- 
logical pictures have been described and these will be considered. 


In order to understand the mechanism(s) of retinal edema it is 
necessary to consider data from many sources including anatomy, phy- 
siology, clinical ophthalmology and ophthalmic pathology, as well as 
material dealing with the parallel situation in the brain. 


Let us consider the anatomy of the retina. The retina appears 
on routine histologic cross section to be a relatively thin tissue 
bounded externally by the retinal pigment epithelium and internally 
by the vitreous body. It is attached to the rest of the central ner- 
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Table 1. Human Conditions with associated Edema of the Retina* 


CONDITION 


Diabetes 
mellitus 


Retinal vein 
Occlusion 


Aphakic CME 


Epinephrine 
plus Aphakia 


Nicotinic 
Acid 
Hereditary 
Macular Edema 


Papilledema 


Retinal Te- 
langiectasis 
(CEGaE Ss? 
Leber's,Von 
Hippel's) 
Pigmentary Re- 


tinal Degene- 
ration(s) 


Malignant Me- 
lanoma or Cho- 
roidal Nevus 


Choroidal He- 
mangioma 
Choroidal Me- 


tasitacius 


Laser Photo- 
coagulation 


BRB = blood retinal barrier; 


CME = 


POSTULATED MECHANISM(S) 


Breakdown of BRB and/or RPEB 
(? 2:osmolarity alterations; 
physical damage to junctions) 


Intraluminal pressure plus 
hypoxia/hypercapnia causing 
retinal endothelial damage. 


? secondary to low grade in- 
flammation with inflammatory 
products causing breakdown of 
BRB. 

W UV " " " 
+direct damage of retinal ves- 
sels by Epinephrine. ? increa- 
sed pinocytic activity. 

? 


Increase in interstitial fluid 
from disc region to surrounding 
retina, especially macula. 

? breakdown of optic nerve head 
vessel "barriers 


Increase in retinal interstitial 
fluid secondary to leakage from 
the retinal vascular malforma- 
tion. ("exaggerated macular res- 
ponse"). 


? increased fluid leaking into 
retina through abnormal RPE. 
Most prominent in macula as CME. 


? breakdown of RPE barrier with 
fluid accumulation 


W W "W 


RPEB = 


NOTES 


May be modified by 
photocoagulation. 


Repaired by develop- 
ment of collaterals. 
Photocoagulation may 
be beneficial. 


May clear spontane- 
ously or improve with 
steroids. 


Reverses on ceasing 
epinephrine drops. 


Reverses on ceasing 
excess nicotinic acid. 


A familial condition. 


Decreases when papil- 
ledema reverses. Ma- 
cular exudates in 
“wing cor “star Ysare 
late findings. 


Destroy malformation 
and edema and exuda- 
tion often resolve. 


in Henle's layer. 


retinal pigment epithelial barrier 
cystoid macular edema; *This is not an all inclusive listing, 
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vous system by the axons of ganglion cells which form the nerve fi- 
ber layer. The alternating layers of cells and cell processes are 
easily discerned even under low power. Special stains reveal that 
the neural elements are held in a framework of vertically arranged 
glial elements, mainly Muller cells. Expansions of the innermost 
portion of the Muller cells form the basement membrane known as the 
inner limiting membrane of the retina. The outer limiting membrane 
consists of zonulae adherentes which link the inner segment of rods 
and cones to Muller cells and Muller cells to each other. 


The retina thins as it extends peripherally but the thinning 
is not uniform. For example, the macula is thick because of its 
large ganglion cell population but centrally it thins containing 
only cones, their cell bodies and the obliquely arranged fibers 
(Henle's layer) of the outer plexiform layer. 


Intraretinal vessels occupy the inner half of the retina to 
the inner nuclear layer. Capillary networks are present except in 
the central macula and at the far retinal periphery. Relatively dis- 
crete capillary networks can be defined in the nerve fiber-ganglion 
cell layer, and in the inner nuclear layer. A specific capillary 
plexus, termed the radial peripallary capillaries (RPC), is present 
in the nerve fiber layer adjacent to the optic nerve head (Henkind, 
1967). 


Ultrastructural and Golgi stain analysis of the retina reveals 
that it is composed of neural elements with complex horizontal and 
vertical intercommunications and with the neuropil enmeshed in a 
framework of glial elements. The tissue appears, in routinely fixed 
E.M. preparations, to be very compact. According to Hogan et al 
(1971 )) Muller cells £111, cut ~all- the retinal area not occupied by 
neurons except for the inner retina where astrocytes also partici- 
pate as "space occupying" cells. Indeed, these authors state, ''Be- 
cause of close contact of the Muller cells with other retinal cells 
it is evident that there is little extracellular space in the reti- 
na''. They acknowledge that there is a gap between adjacent cells 
which may measure up to 200 A. In the nerve fiber layer they note 
that not all axons are surrounded by glial tissue and, in some bun- 
dles, many of the axons lie close to one another without any inter- 
vening glial tissue. 


At this point it is appropriate to bring up the question, does 
the normal retina possess a functional extracellular space ? Most 
workers seem to accept a view that the normal retina contains little 
or no extracellular space. They appear to agree with the idea of 
Sjostrand (1961) that, "the glial elements in the retina, the Mul- 
ler's cell, and the neural glia in the central nervous system, re- 
present the "extracellular space". Indeed, DeRobertis and Gerschen- 
feld (1961) conceived of the astroglia as the water-ion compartment 
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involved in the selection and transport of metabolites and fluid in 
the brain, (and presumably, the retina). It appears that Smelser 

and colleagues (1965) were the only investigators to take a contrary 
view, and their work, though little remembered, is crucial to our 
concept. They injected Thorotrast (thorium dioxide in aqueous dex- 
trin) into the vitreous humor of cats and were able to detect its 
presence within 6 hours throughout the retina between the internal 
and external limiting membranes, and mainly in the extracellular 
space. None penetrated the external limiting membrane. Some parti= 
cles did enter the basement membrane around retinal vessels and were 
transported across the endothelial cells suggesting "no obvious 
blood-retinal barrier in this direction". 


They conclude that the intercellular space in the retina is 
available for diffusion of even particulate matter and that such 
clefts are important in retinal nutrition and possibly in patholo- 
gical processes. 


In our opinion, the normal retina possesses a functioning ex- 
tracellular space, and such a space has characteristics which allow 
us to understand the process(es) of retinal edema. 


Klatzo (1967) in his major paper dealing with brain edema, no- 
ted that one could not depend solely upon electron microscopy of 
routinely fixed material to provide correct answers about edema lo- 
calization. He also discussed the situation of extracellular space 
in the brain and pointed out that physiologic data strongly suggested 
the existence of an appreciable and functionally active extracellular 
space, and that some anatomic studies confirmed the presence of such 
a space. For example, Van Harreveld et al (1964, 1965) using a free- 
ze-substitution technique found in mouse cerebellar tissue an extra- 
cellular volume of 23.6% if they processed the tissue within 30 se- 
conds of decapitation, but only a 6% volume if decapitation was de- 
layed up to 8 minutes. This is a far different result from the 3-5Z% 
extracellular volume postulated by analysis of immersion or perfusion 
fixed material. Furthermore, the work of Sumi (1969) clearly demons- 
trated that fixation techniques are crucial in determining the ex- 
tent of the extracellular volume of the brain, particularly in the 
immature animal. This investigator showed that considerable extra- 
cellular space was present in the newborn cerebral cortex, but the 
extent of the space could be easily modified by changes in the os- 
molarity of the glutaraldehyde fixative. Sumi stated, "Following 
immersion fixation the extracellular space was somewhat narrower. 

The most marked decrease in the extracellular space was noted after 
immersion fixation in isotonic fixative". With maturation the extra- 
cellular volume of the brain progressively decreased. 


Thus, 1) the method of fixation, 2) the tonicity of the fixati- 
ve, 3) the time after removal of the tissue until fixation, and 4) 
the age of the tissue, are all crucial elements in any study of ex- 
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tracellular space in the central nervous system. No studies have 
been conducted on retinal tissue with regard to these four factors. 


With regard to the extracellular volume of the retina there has 
been little physiologic study although there are numerous studies 
conducted on brain tissue of various species. Cheek and Holt (1978) 
in a recent major review of the subject concluded that the distri- 
bution of chloride gave the most accurate assessment of the brain 
ECV. They reported values of 24.8% in the cerebrum and 23.6% in the 
cerebellum of adult rhesus monkeys. Inulin and other polysaccharides 
apparently do not penetrate the perivascular space and thus may not 
fully measure the ECV. However, even these substances show an ECV 
of 10% or more in adult animals. Similarly, Vernadakis and Woodbury 
(1965) found a brain interstitial space in the rat of 15% in mature 
animals compared to 22% in neonates. Other physiological studies 
support the concept of a significant ECV in the brains of all spe- 
cies studied, and the size of the space is apparently age-dependent. 


If the data obtained for brain can be extrapolated for retina 
then there must be a considerable retinal ECV and this fits well 
with observed clinical data. 


We believe that the retinal extracellular space is a system of 
interconnected pathways of varying dimension and present throughout 
the retinal tissue between the internal and external limiting mem- 
branes (fig. 1). This is consistent with the view of Brightman and 
Reese (1969) who state, "Therefore, the interspaces of the brain are 
generally patent, allowing intercellular movement of colloidal mate- 
Gials",fand the study=-of. Smelser etal (1965). 


Topographical differences in the patterns of clinical retinal 
edema are due to anatomical factors such as the richness of inter- 
communication between adjacent cells at any one level-apparently 
complex in the nuclear layers and sparse in the nerve fiber and in- 
ner portion of the outer plexiform layer and the distance of the neu- 
ropil from the retinal vascular bed. 


We must examine more closely the retinal vessels, for much of 
the retinal edema seen clinically is derived from them. The gross 
angioarchitectural pattern of the intraretinal vessels has been 
described. Now, we concentrate on the ultrastructure. All retinal 
vessels are lined by a continuous layer of non-fenestrated endothe- 
lium. The adjacent endothelial cells are held together by "tight" 
junctions, and these junctions are felt to be barriers to many sub- 
stances. The presence of this type of endothelial lining in retinal 
and brain vessels is apparently responsible for the blood-retinal 
(BR) and blood-brain (BB) barriers. Whether both barriers are iden- 
tical is not known, and the recent study by Laties et al (1979) su- 
ggests that retinal vessels may be more resistant to certain insults 
than are cerebral vessels. Pinocytotic vesicles have been noted 
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NORMAL 
RETINAL NEUROPIL 


RETINAL PIGMENT EPITH. 


Fig. 1. Schematic drawing showing relationship of retinal vessels, 
retinal pigment epithelium and the retinal neuropil. The extracel- 
lular space in the retina is indicated by cross hatched lines. 


in retinal capillary endothelium by many authors, but Au and Bell- 
horn (1977) morphometrically demonstrated that they may well have a 
role in transport of material across the vessel. The nonluminal sur- 
face of the endothelium is lined by a continuous basement membrane 
whose thickness increases with age. Intramural pericytes also lie 
within this basement membrane and, in man, there is normally a 1:1 
ratio between them and endothelial cells. With regard to retinal 
arterioles, they contain some muscularis even out to their terminal 
branches. Of some interest is the fact that all retinal vessels lack 
nervous innervation. In spite of lacking innervation, the larger re- 
tinal vessels can certainly constrict and dilate and this is felt to 
be on the basis of an autoregulatory mechanism. 


Analogous to the blood-retinal barrier is the barrier provided 
by the retinal pigment epithelial cells (RPE). Tight junctions be- 
tween the cells of the RPE exclude many of the larger molecules 
which circulate in the choroid after readily crossing the chorioca- 
pillaris. One could readily imagine that a physical break in either 
the RPE or retinal vessel endothelium would permit ingress of blood 
derived fluid into the retinal substance, and such breaks may account 
for some cases of retinal edema. 


What materials cross the normal blood retinal and RPE barriers ? 
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Blood gases, amino acids, and some lipids certainly enter the reti- 
na. Glucose is actively transported rapidly into the retina from 
either the retinal or choroidal circulation provided it is D and 
not L glucose (Dollery, Henkind and Orme, 1971). Larger protein moi- 
ties are generally excluded from the normal retina. There is some 
evidence from studies of the brain that the blood-brain barrier is 
not absolute and this may be true for the BR and RPE barriers as 
well. For example, Westergaard and Brightman (1973) demonstrated 
transport of protein (ferritin and horseradish peroxidase) across 
some vessels of the surface of mouse brain as well as some of the 
vessels in the neuropil itself. The vessels involved in this trans- 
port were cerebral arterioles and neither capillaries nor venules, 
and the pathway for the transport was by vesicles within the arte- 
riolar endothelium, and not across intercellular junctions. Méllgard 
and Sérensen (1974) feel that the term "blood-brain barrier" should 
be substituted by the designation, "selective permeability of cere- 
bral vessels". They have studied the permeability properties of the 
brain and found that tight junctions between endothelial cells of 
brain capillaries are permeable to Alcian blue which has a molecu- 
lar weight of 1390 and a Stoke-Einstein radius of 8 &. Bellhorn et 
al (1977) have shown that normal rat retinal vessels are impermea- 
ble to fluorescein iso-thiocyanate (FITC) labeled dextrans of effe- 
ctive diffusion radius of 12 to 85 &, but anterior segment vessels 
are permeable to the smaller size dextrans (Benjamin et al, 1977). 
Further studies will probably elucidate the barrier and the permea- 
bility properties of retinal and brain vessels. Obviously, all por- 
tions of the vascular tree will have to be considered, not only the 
capillary bed. 


Having briefly reviewed the anatomy and physiology of the BR 
and BB barriers let us consider some of the pathological responses 
of the microvasculature. Here we introduce the concept of retinal 
vascular lability or plasticity. One generally views the retinal 
vascular bed as a rather static entity. There is evidence, however, 
that is not so. First of all, the embryonic development of the reti- 
nal vessels reveals enormous plasticity and modeling (Henkind and 
de Oliveira, 1967; Ashton, 1969). Once maturity is reached the gross 
alterations in the vascular bed are relatively minor with the excep- 
tion of some marked changes at the retinal periphery (Glatt and Hen- 
kind, 1979). This is true for the healthy individual, but what hap- 
pens in retinal vascular disease ? A number of discrete retinal vas- 
cular entities have been examined clinically and pathologically and 
some have been duplicated experimentally (Table 2). Most have asso- 
ciated retinal edema because of some alterations in the BRB. 


The pathogenetic mechanisms responsible for the various retinal 
vascular alterations are, with the exception of collaterals and neo- 
vascularization, really not understood (Henkind and Wise, 1974; Hen- 
kind, 1978). It should be clear, however, that the ready accessibi- 
lity of the retinal circulation should make it a prime site for any- 
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one studying microvascular alterations in the central nervous sys- 
ems 


Another way to look at the breakdown of the BR or BB barriers 
1s to examine the fine structural alterations seen in various con- 
ditions. While this has been attempted to a small degree in the re- 
tina, more work has been conducted on the brain. Hirano (1974, 1976) 
has been particularly interested in this subject. He lists five al- 
terations which may be of consequence in disruption of the normal 
blood-brain barrier: 1) alteration of the intercellular junction; 

2) alteration of pinocytotic function; 3) diffuse infiltration of 
endothelial cells; 4) endothelial fenestration and: 5) presence of 
tubular bodies. 


Disruption of the intercellular junction may result in massive 
outpouring of the vascular contents including red blood cells, but 
such disruption has not been clearly demonstrated in brain or reti- 
nal pathology. However, Wallow and Engerman (1974) suggest that such 
separation may occur in diabetic retinopathy. Perhaps the junctions 
are only transiently disrupted as speculated by Hockley et al (1979) 
in their study of experimental branch vein occlusion, and as sugges- 
ted by Rapoport et al (1976) and Brightman et al (1973) from their 
studies of cerebral tissue subjected to hyperosmotic arterial infu- 
sions. According to Rapoport (1976) the blood-brain barrier is re- 

established minutes to hours after various insults. It is also pos- 
sible that rather than junctional separation, the endothelial cell 
is itself transiently disrupted or tunnel-like openings may develop 
through it. The latter route has been demonstrated as a pathway for 
lymphocytes to leave cerebral vessels (Barringer and Griffith, 1970; 
Barringer and Nathanson, 1972). We have noted inflammatory cell cuf- 
fing around retinal veins in experimental vein occlusion (Kohner et 
al, 1970), but did not determine how the cells left the vessels. 


As we mentioned previously, retinal vessels do have some normal 
pinocytotic vesicles and according to Hirano (1974) pinocytotic ac- 
tivity greatly increases in conditions lowering the blood-brain bar- 
rier. There is, however, little but speculation that an increase 
in pinocytosis occurs in any specific retinal disease process. Hoc- 
kley et al (1979) briefly note peroxidase "may have escaped from the 
capillaries via endothelial pinocytotic vesicles" in experimental 
branch vein occlusion, and Essner et al (1979) have considered trans- 
cellular vesicular transport as a mechanism of increased permeability 
of retinal capillaries in the RCS rats with inherited retinal dege- 
neration. Tso and Shih (1976) in their experimental model of ocular 
hypotony, noted the presence of HRP in the basement membrane of ves- 
sels and adjacent tissue. Pinocytotic vesicles, some filled with re- 
action product,were prominent. 


Diffuse infiltration of endothelial cells with fluorescein has 
been noted on many occasions in various retinal vascular disorders. 
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This is manifest by persistent "staining" of a vascular segment 
long after the fluorescein has completed its circuit through the 
retina. Often the fluorescein appears to leak into the adjacent re- 
tinal tissue. Peroxidase staining of brain endothelial cells has 
been noted under experimental conditions most notably after elec- 
troshock (Hirano, 1974). 


Hirano (1974) points out that in most experimentally induced 
alterations of the blood-brain barrier endothelial fenestration is 
absent. However, he has noted fenestrations in various natural and 
experimental neoplasms within the brain. Fenestrated capillaries 
presumably of retinal origin have been noted in urethan-induced re- 
tinopathy in pigmented rats (Bellhorn et al, 1973). These capilla- 
ries were actually upon or within the layer of disturbed pigment 
epithelium, while the capillaries in the inner retina appeared nor- 
mal. Similarly, fenestrae have been found in capillaries of retinal 
origin which get incorporated into the RPE in phototoxic retino- 
pathy in rats (Bellhorn et al, 1977). Such fenestrae were not des- 
cribed in the retinal degeneration that spontaneously develops in 
RCS rats (Essner et al, 1979), possibly because the vessels had not 
yet been incorporated into the RPE. The fact that retinal capillaries 
can become fenestrated, particularly when they are associated with 
retinal pigment epithelium is strong evidence for the lability of 
retinal endothelium. Hirano (1974) has also demonstrated that fenes-— 
trated vessels can derive from nonfenestrated ones in the brain. He 
feels that it is most reasonable to assume that, rather than trans- 
forming already developed vessels, whatever the stimulus is changes 
the developmental pattern of vessels which arise to nourish the new 
environment. 


Tubular bodies (Weibel-Palade) of endothelial cells are normally 
absent in cerebral vessels but are quite prominent in pathological 
conditions. They have been noted to be increased in number in the 
‘choroid in Behcet's disease by Matsuda and Sugiura (1970). However, 
these authors did not study the retinal vessels. Whether such bodies 
have any role in altering retinal or brain vascular permeability is 
unknown. 


Much less is known about the potential alterations in the RPE 
with regard to pathogenetic mechanisms of leakage. What is clear is 
that the RPE cells are tightly bound to one another. In some clini- 
cal situations the RPE is lifted off Bruch's membrane in a continu- 
ous sheet, and fluid fills the sub-RPE space but does not penetrate 
into the neural retina. Sometimes, serous fluid leaks through the 
RPE and merely causes a localized serous neural retinal detachment. 
In cases with major RPE disruption, hemorrhage and edema pour first 
beneath and then into the neural retina, the classic example being 
disciform macular degeneration. We are now appreciating more sub- 
tle RPE alterations, and it may be that the elegant studies of Cunha- 
-Vaz and colleagues (1975; 1979) on diabetic individuals are revea- 
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ling permeability of the RPE barrier. Support for this view comes 
from the fluorescein study of the RPE in streptozotocin diabetes in 
rats. In some cases, fluorescein was noted to penetrate the RPE as 
forward as the external limiting membrane of the retina with no lea- 
kage noted from intraretinal vessels (Kirber et al, 1978). The locus 
of the "leak" was not clear. Grimes and Laties (1979) using the same 
model have demonstrated by stereology an increase in surface ares of 
basal surface of RPE cells and suggest that this may account for the 
increase in permeability. 


Let us now turn to the subject of retinal edema and examine the 
W W 
1EBUGIES) 


Retinal edema is almost always a secondary phenomenon which 
occurs in the course of many ocular and systemic disorders. It is 
usually secondary to whatever causes disruption of the BR or RPE 
barriers and can be considered analogous to the "vasogenic" brain 
edema of Klatzo (1967). In such cases the retinal edema is predo- 
minantly extracellular, though intracellular swelling of neurons 
and glia may occur secondarily. 


In ischemic conditions intracellular neuronal swelling predo- 
minates and apparently is partially due to blockage of axoplasmic 
flow. The cotton wool spot seen in many diseases such as hyperten- 
sion, diabetes, and collagen diseases is an excellent clinical exam- 
ple of such intracellular swelling, and the experimental production 
of such lesions has been studied in depth (Ashton et al, 1966). 


Retinal edema is, at least in its early stages, reversible pro- 
vided the inciting pathology is eliminated. 


Retinal exudation is related to retinal edema and most such exu- 
dation is a product of edema residue. However, not all retinal edema 
leads to exudate formation. If the edema fluid contains little pro- 
tein or lipid, then*éxudate is absent or*miid: but if it is rach ’in 
such components then exudation may be prominent. 


There are specific anatomic regions within the retina where 
edema tends to be most prominent, these include the macula and Hen- 
le's layer in particular; the nerve fiber layer, mainly in the peri- 
papillary region; the outer plexiform layer; less frequently the 
inner nuclear layer; and possibly, the retinal periphery. What makes 
these areas particularly prone to collect edema fluid ? 


If edema fluid in the retina was basically localized to the glia 
compartment as believed less than two decades ago, (Duke-Elder and 
Dobree, 1967), then we could not explain the clinical and histopa- 
thological findings in a rational manner. For example, in the nerve 
fiber layer, the glia is sparse and edema is common and the same 
seems to hold true for Henle's layer. Furthermore, the very nature 
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of the Muller cell which extends the full width of the retina from 
inner to outer limiting membrane would mandate a "full-thickness" 
edema - unless one postulated that only a portion of a cell would 
be involved in the process - highly unlikely !! It is worth noting 
that, only recently, the view that cerebral edema is localized to 
the glial compartment has been supplanted by the idea of extracel- 
lular edema (Klatzo, 1967). 


In disregarding a glial hypothesis we remain cognizant of the 
fact that retinal glia can be involved in various disease processes 
and may, under certain circumstances, swell. 


In our opinion, the retina normally contains an extracellular 
space which can be thought of as a complex network of intercommuni- 
cating channels of various diameters. Broader spaces exist in Henle's 
(and in the rest of the outer plexiform layer) and the nerve fiber 
layer. Raviola (1967) who has studied the outer plexiform layer by 
freeze fracture in animals, has noted an enlarged intercellular 
cleft between horizontal and bipolar cells. 


We imagine that the network of intercellular space exists in 
three dimensions, from the disc head to the periphery and from the 
internal down to the external limiting membrane. Outside of the 
nerve fiber layer and the outer plexiform layer, especially Henle's 
layer, all of the extracellular channels are relatively narrow, but 
possibly larger than the 200 & spaces seen by conventional EM stu- 
dies. Narrow channels might inhibit flow of material and might be- 
come clogged by particulate matter, i.e., red blood cells. Thus, 
hemorrhages from the deep capillary bed would remain close to the 
seat of bleeding in the inner nuclear layer. Clinically, retinal 
hemorrhages in this locale tend do be of the "dot and blot" variety, 
and do not tend to spread vertically or horizontally. Edema fluid, 
passing through an altered BR barrier would have an easier transit 
and tend to accumulate in the larger available spaces closest to the 
Site of leakage. Thus, edema fluid escaping from the superficial ca- 
pillaries, especially the RPC's, tends to collect in the nerve fiber 
layer. Clinically, the nerve fibers are noted to be delineated as 
widely separated. In such a case, the edema spread is mainly in a 
horizontal plane primarly in the superior and inferior temporal fi- 
bers, and often sparing the papillo-macular bundle. The deeper re- 
tinal layers may or may not be spared depending upon the degree of 
leakage. 


A condition that has often puzzled clinicians, is the so-called 
idiopathic stellate maculopathy of Leber, which develops in younger 
patients who have optic disc swelling, either papilledema or papil- 
litis. In such patients, the exudative star is not seen initially, 
but it develops as the disc swelling regresses. In such cases, fluo- 
rescein angiography has revealed fluorescein leakage from the disc 
but not from the vessels of the macula nor the underlying pigment 
epithelium (Gass, 1977). We propose the following explanation: edema 
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fluid leaking from the disc, travels centripetally along the paths 
of the retinal extracellular space in the papillo-macular bundle of 
nerve fibers. This is a rather compact bundle of fibers and, presu- 
mably, the extracellular space is composed of relatively narrow cha- 
nnels and, thus little separation of the nerve fibers is noted. But, 
when the fluid enters the broader spaces of Henle's layer, it may 
accumulate and dilate the spaces. Presumably, most of the excess 
fluid is resorbed by normal macular capillaries. The fluid leaking 
from the disc is probably rich in lipid and protein components be- 
cause, in papillitis and papilledema, hemorrhage in the peripapil- 
lary region is not uncommon and, certainly if red blood cells can 
extravasate other molecules can presumably do so. The higher mole- 
cular weight lipid and protein material is probably not readily re- 
sorbed by the macula capillaries, and it precipitates out in the 
extracellular space as exudate. The macula star is always more pro- 
minent in the nasal portion of the macula region and, indeed, some- 
times this only appears as a so-called macular wing. Apparently, in 
such cases, the fluid has not percolated through the entire macular 
region but only in the area closest to the disc. 


Analogous situations where edema pours into the macular region 
from distant loci are also well known. For example, in retinal ma- 
croaneurysms or in branch vein occlusion, edema fluid from the da- 
maged vessel(s) appears most prominent in the macular region rather 
than immediately adjacent to the lesion. Often as the lesion resol- 
ves exudates accumulate in the macula in a pattern often pointing 
to the initial lesion. 


The most dramatic form of macular involvement from a distant 
site occurs in telangiectatic peripheral retinal vascular abnorma- 
lities including entities such as Coats' disease, Leber's disease, 
and Von Hippel's disease. In such cases, particularly, when there 
is a temporal retinal vascular malformation, one often finds macu- 
lar edema and/or exudation with the intervening retina between the 
macula and the vascular abnormality clinically normal. The late Dr. 
George Wise, who coined the term, "exaggerated macular response" 
(Wise and Wangvivat, 1966) felt that the peripheral vascular abnor- 
mality somehow shunted blood away from the macula and led to hypoxia 
which caused a breakdown of the macular vessels. There is no eviden- 
ce, however, that this occurs. Instead, we suspect that the very 
"leaky" vessels of the angiomatous malformation pour protein-rich 
fluid into the surrounding retina, and this fluid traverses the re- 
tinal extravascular pathways. When the fluid reaches the macula, 
some of it may be resorbed but not the lipid and protein. Clinical 
support for this mechanism is provided by the observation that des- 
truction of the angiomatous malformation leads to the "drying out" 
of the macula region; the macular edema disappears, leaving behind 
the residual exudation. 


Cystoid macular edema occurs in numerous conditions and, simply 
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reflects the fact that retinal extravascular fluid accumulates in 
Henle's layer. Let us consider some examples of this condition. 
Aphakic cystoid macular edema is thought to be secondary to intra- 
ocular inflammation causing increased permeability of the small ves- 
sels in the region of the macula. The exact type of blood-retinal 
barrier breakdown is not known but since there is never an accom- 
panying hemorrhage, one can assume that there is no disruption ei- 
ther of the endothelial cells nor their junctions. There is, how- 
ever, sufficient damage to allow fluorescein-labeled material, i.e., 
presumably some protein, to enter into the retinal extravascular 
space. Since exudate is rarely seen, only small molecular weight 
protein and/or lipid passes the BRB. The outpouring of fluid is 
greater than the capillary bed ability to drain it away. The classic 
"petaloid" appearance seen on angiography may suggest that the edema 
fluid is limited to the central macula region. Careful analysis of 
the angiograms reveals a much more diffuse edema with extension into 
the surrounding retina. 


In the clinical situation of central serous choroidopathy, fluid 
from the choroicapillaris penetrates the RPE barrier in one or seve- 
ral spots and then separates the RPE from the sensory retina. In mild 
cases it seems that the subretinal edema fluid does not extend beyond 
the outer limiting membrane. In advanced cases it breaks through this 
physical barrier and enters the outer plexiform layer thereby causing 
cystoid edema, but rarely any exudate. If the pigment epithelium re- 
mains permeable, permanent cystic changes develop and macrocysts and 
holes may form. 


In recent years it has been appreciated that a number of pati- 
ents with retinitis pigmentosa or other retinal degenerations will 
develop cystoid macular edema. This, in spite of the fact that the 
pathology is most evident equatorally and not in the macula region 
itself. It is still not clear whether the RPE has increased permea- 
bility, or whether there is an alteration in the BRB in the macula 
which is responsible for the outpouring of fluid. 


An important study of experimental ocular siderosis by Watanabe 
(1974) showed marked edema in Henle's layer but no obvious abnormal 
permeability of the intraretinal vessels. The major finding on his- 
tology was an alteration in the RPE, the presumed site of fluores- 
cein leakage. Similarly, Tso and Fine (1979) in their study of the 
primate foveola after injury by argon laser, noted the very late 
production of edema in Henle's layer. This occurred four years after 
the laser burn and developed concomitantly with RPE edema. They sug- 
gest that decompensation of the retinal pigment epithelium is’ the 
cause of some cases of cystoid retinal edema. 


Diabetes mellitus is perhaps the most common disease with asso- 
ciated retinal edema. It is only within the past decade that clini- 
cians have appreciated the importance of macular edema as a cause of 
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visual disturbance in diabetes (Patz et al, 1973). In most cases, 
fluorescein will demonstrate microvascular abnormalities at the bor- 
der of the edematous area. These are the seat of the leakage. If 
leaking vessels are present elsewhere than the macula, edema is less 
obvious clinically but can be suspected for there is almost always 

a ring of exudate at the border of the affected area. The exudates 
form mainly in the outer plexiform layer, the same strata in which 
the edema fluid collects. 


Virtually all instances of so-called circinate retinopathy can 
be shown on fluorescein angiography to be centered about a zone of 
leaking intraretinal micro-circulation, with the exudate collecting 
at the border between normal and abnormally perfused retina. If the 
circinate ring is centered on the fovea then there is ophthalmosco- 
pically visible edema centrally, due to the fluid accumulation in 
Henle's layer. In eccentric rings the edema is less obvious by oph- 
thalmoscopy, but clearly seen on angiograms. 


We have not considered every possibility in the spectrum of re- 
tinal edema. For example, we have not discussed the shimmering appe- 
arance of the infant and childhood fundus, but suggest that one pos- 
siblity not heretofore considered is that it may reflect the presen- 
ce of a larger retinal extracellular fluid-filled space in the young 
compared with the aged individual. Similarly, the fact that retinal 
edema tends to be more florid in younger than older individuals may 
indicate the presence of a larger extracellular space in the former. 
We have not dwelled on the presence of fluid-filled spaces at the 
periphery of the retina, especially the temporal retina. These may 
be instances of physiologic trapping of fluid in the extracellular 
spaces of the outer plexiform layer beyond the periphery of the re- 
tinal circulation - a situation somewhat analogous to the avascular 
central macula. Nor have we touched upon the pseudoedemas, those 
conditions in which edema of the retina is suspected on clinical 
grounds due to a "wet" appearance on ophthalmoscopy-conditions such 
as chloroquine retinopathy and preretinal macular gliosis-but where 
fluorescein angiography and histopathology do not reveal edema po- 
ekets. 


We could continue discussing other entities associated with re- 
tinal edema, but these would add little to our thoughts concerning 
the mechanism(s) of retinal edema. 


EPILOGUE 


The subject, Mechanism of Retinal Edema, was chosen for us by 
Professor Cunha-Vaz. We had not spent any particular time studying 
the topic nor conducted any research and readily accepted the no- 
tions extant in various texts and articles. It was only as we probed 
beneath the accepted generalities that we realized the state of our 
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ignorance. No unifying thread appeared that would unite the findings 
of various disciplines. Furthermore, if one accepted the available 
anatomic "evidence" then the clinical pictures of retinal edema made 
little or no sense, and yet they had to be explained. 


Thus, we have deduced, from sifting through our own related da- 
ta and experiments, through examination of clinical and histopatho- 
logical material and through scrutiny of the available brain and 
retinal literature, a concept which satisfies us with regards to the 
mechanism of retinal edema. What we propose has not been seen by ana- 
tomists, except Smelser et al (1965), has not been proven by physio- 
logists, has not been enunciated by pathologists, and remains unsus- 
pected by clinicians. 


Can it be that the retina harbors a complex network of inter- 
linked, intercommunicating, extracellular channels ? Channels which 
in health act as extravascular conduits enabling the materials pene- 
trating the blood-retinal and RPE barriers to reach neural elements 
and facilitating removal of unwanted metabolic products. Channels 
which in situations of altered permeability of BRB or RPEB carry ex- 
cessive fluid (edema) of varying composition-depending essentially 
upon the character of the barrier breakdown. Channels which, because 
of their differing dimensions in different parts of the retina may 
distend and trap fluid. The fluid, if rich in high molecular weight 
proteins and lipids, may "coagulate" in the extracellular space as 
exudate. Such is our concept - we shall now try to prove it and ful- 
ly expect others to challenge and try to disprove it. 
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ACUTE HYPERTENSION AND EXPERIMENTAL DIABETES: EVALUATION OF THEIR 


EFFECTS ON BLOOD-OCULAR BARRIERS 


A.M. Laties, P.A. Grimes, S.I. Rapoport 

Department of Ophthalmology, Scheie Eye Institute, Uni- 
versity of Pennsylvania, School of Medicine and *Labo- 
ratory of Neurosciences, National Institute on Aging, 
Gerontology Research Center, Baltimore City Hospitals 


For the past several years we have been engaged in a series 
of studies on the effects of stress on the blood-ocular barriers. 
A variety of stresses have been studied -- including osmotic shock ,1+ 
acute hypertension,2 drug reactivity,? experimental diabetes, ~’ 
and carbon dioxide inhalation. For the measurement of barrier 
status, chief reliance has been placed on the localization of fluo- 
rescent dyes in freeze-dried tissue by darkfield microscopy. When 
appropriate, brains of the same animals have also been evaluated. 
In special instances, electron microscopy after the prior adminis- 
tration of horseradish peroxidase has been performed. 


Accuracy of localization and ease of tissue handling have been 
the chief reasons for relying on fluorescence microscopy. Given 
today's freeze-dry equipment, it is a straightforward matter to 
freeze-dry an entire eye or, for that matter, if a little patience 
is exercised, to freeze-dry an entire brain. Further, after vacuum 
infiltration with paraffin, quite extensive tissue regions can be 
studied in single section. Thus the entire posterior segment can be 
in view in one tissue section, permitting comparison of a stress 
effect starting at one ora serrata and inspecting the tissue in 
continuous fashion to the other. 


Fluorescein has proved to be a useful tracer. It is relatively 
nontoxic. Its yellow fluorescence can readily be differentiated 
from the blue autofluorescence of most tissues.In addition, its 
fluorescence is intense, thus making the method sensitive, even 
permitting low power inspection. In turn, this allows rapid and 
accurate evaluation of large numbers of tissue sections. When 
needed, the same tissue section can be viewed with an oil objective 
to define cell boundaries and the like. The details of this method 


269 


270 A.M. LATIES, P. A. GRIMES, AND S. 1. RAPOPORT 


have been previously published.? 


The use of fluorescein as a marker dye in experimental studies 
yields a bonus: the results can be compared directly to those of 
clinical studies in humans using the same dye. One obvious but 
important difference exists, however. In fluorescein angiography 
the view is necessarily en face; in tissue sections the viewing 
plane depends on the plane of the section but allows a wide choice. 
In sagittal sections, for instance, a clear delineation of pigment 
epithelium from retinal blood vessels is readily made, permitting 
independent evaluation of barrier qualities of each. 


I. ACUTE HYPERTENSION 


Acute hypertension can be induced in a number of ways. Carotid 
infusion of isotonic saline alone or in conjunction with intravenous 
administration of aramine (metaraminal 0.2 - 0.4 mg/kg intravenously) 
provides a predictable elevation of systolic blood pressure. Exper- 
iments have been performed both on adult rhesus monkeys and on 400 


gm Wistar rats. A brief summary of experimental detail is given 
in Table I. 


Table I: Effect on blood-brain barrier of experimental hypertension 
in macaque monkey. 


EXPT ARAMINE DOSE CAROTID INFUSION BLOOD PRESSURE, MM HG BARRIER CHANGES 
NO. MG/KG 3.8 ML/SEC FOR INITIAL MAX IMUM 
15) SEC 
ANIMALS KI MIN AFTER TREATMENT 
1 0.4 No 90 160 OCCASIONAL CAPILLARY LEAKAGE 
2 ) YES 70 175 STAINING RIGHT SUPERIOR CENTRAL GYRUS 
3 ) YES 120 190 STAINING MIDDLE CEREBRAL ARTERY 
4 0.3 YES 90 250 STAINING RIGHT SIDE, MIDDLE 


CEREBRAL ARTERY DISTRIBUTION 


5) 0.4 Yes 90 300 OVERALL RIGHT-SIDED STAINING 
ANIMALS KILLED 2 DAYS AFTER TREATMENT 
6 0.3 YES 80 200 GROSS BILATERAL STAINING, MOTOR 
WEAKNESS, DECREASED ACTIVITY 
« 0.4 YES 90 310 GROSS BILATERAL STAINFNG, COMA 


ee eee eee 


In order to facilitate evaluation, experimental animals were given 
two marker dyes intravenously, Evans blue and fluorescein, before 
being killed. Since Evans blue binds avidly to protein and looks 
blue in daylight, it can be readily seen in fresh brain sections. 
The remarkably brilliant yellow fluorescence of fluorescein can 
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Table II: Effect of acute hypertension in the monkey on the blood- 
retina barriers. 


ACUTE HYPERTENSION: MONKEY 


BLOOD-RETINA BARRIER VERSUS BLOOD-BRAIN BARRIER 


Breas RETINAL BLOOD VESSELS PIGMENT EPITHELIUM 
160 INTACT INTACT 
175 INTACT INTACT 
190 INTACT INTACT 
200 INTACT INTACT 
250 INTACT INTACT 
300 INTACT INTACT 
310 INTACT INTACT 


be visualized in tissue sections with the darkfield of a fluores- 
cence microscope more easily than can the reddish fluorescence of 
Evans blue bound to protein. Thus, each dye offers advantages for 
specific purposes. They do not interfere with each other. When 
both are present in the same locale, the fluorescence is orange. 

As shown in Table I, an acute rise of systolic blood pressure above 
160 mm Hg leads to widespread extravasation of protein (Evans blue) 
into the brain. Yet, the same blood pressure elevation does not 
disrupt the integrity of the retinal blood vessels; they did not 
leak fluorescein (Table II). Interestingly, the pigment epithelial 
barrier held uniformly throughout its extent in all experimental 
monkeys while giving way in 4 out of eight rats. To date the number 
of rats studied is too small to indicate a significant difference. 
However, the finding does raise the suspicion that in acute hyper- 
tension the pigment epithelium is at greater risk than the retinal 
blood vessels. Whatever the explanation of the pigment epithelial 
leak in the rat may be, it is undoubted that the effect of acute 
hypertension on the two vascular beds, brain and retina, differs. 
The retinal blood vessels clearly are affected to a much lesser 
degree than are those of the brain. Even a hypertensive surge 
sufficient to put a monkey into coma, does not disrupt the tight 
junctions of the retinal blood vessels. 


Two explanations for this difference, perhaps additive in 
nature, can be offered. First, the autonomic innervation differs 
between brain and eye. In the brain, a dense innervational network 
supplying the great vessels at the base of the brain is immediately 
succeeded by a sparse but persistent adrenergic innervation to 
arteriolar branchings within the hemispheres. For the eye, matters 
are more complex: the choroid has a dense innervational network. 
So does the central retinal artery as it passes forward into the 
optic nerve. The central retinal artery clearly has a density of 
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adrenergic innervation surpassing that of a similar sized arterial 
branch in the brain. But all innervation to the central artery 
ceases just at or just before the optic nerve head. Within the 
retina, the blood vessels are devoid of all innervation. 


Second, there are differences in structure between brain and 
retinal blood vessels. These are of quantity rather than of kind; 
concerning as they do the distribution of mural cells (pericytes). 
In the retina, mural cells are in constant one-to-one ratio to 
endothelial cells. Everywhere blood vessels have a double enve- 
lope. In contrast, the distribution of mural cells in the brain 
is less predictable. In some areas in the cerebrum they are just 
aS numerous as endothelial cells, while in others, they are much 
less common, gaps are present (Brightman, 1978, personal communi- 
cation). If the hypothesis of Cogan and Kuwabara that mural cells 
buttress the endothelium is indeed true,” their constancy in retina 
might explain the resistance of the vasculature to surges of blood 
pressure. Lending further support to such an idea is the recent 
finding that retinal mural cells contain an abundance of actin 
filaments, as would be expected were the cell playing a supporting 
or contractile role. 


II. EXPERIMENTAL DIABETES MELLITUS 


The assertion by Cunha-Vaz et al in 1975 that penetration of 
fluorescein into the posterior vitreous humor could be measured in 
angiographically normal human diabetics opened new vistas for all 
in diabetes research. Soon thereafter the finding was confirmed 
by Krupin et al.t1 Both research groups spoke of the disturbance 
in the blood-retina barrier. However, a specific locus of barrier 
breakdown was not described. Waltman measured a complementary 
pattern of excess fluorescein in the acqueous humor as well. 
Shortly thereafter, rats made diabetic by the injection of strepto- 
zotocin were shown to have similar findings. 


These publications stimulated us to undertake tissue distri- 
bution studies of fluorescein in the rat; they are still in progress. 
Several findings, some negative, some positive, have already been 
made. In the completed experiments we gave streptozotocin in a 
standard dose (65 mg/kg) intravenously, following an overnight fast. 
Hyperglycemia in the range of 375 - 500 mg/dl at 48 - 72 hours 
after injections was accepted as evidence that the animals were 
indeed diabetic. The rats were killed three to five weeks after 
streptozotocin administration. For fluorescein studies, 0.25 ml of 
a 10% solution was injected into the femoral vein two minutes before 
the animals were killed. After immediate enucleation, the eyes were 
quick-frozen. Freeze-drying, tissue embedding, and sectioning were 
done as previously described. 
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A total of 35 eyes from 20 rats with streptozotocin-induced 
diabetes of 4 weeks’duration were examined. In not a single instance 
did the dye leak from a retinal blood vessel. In all respects the 
blood vessels were indistinguishable from those of controls. Nor 
could any stain of neural retina such as might occur by diffusion 
of fluorescein from the adjacent vitreous humor be seen. There was 
however one distinct difference from the control series. In one- 
half of the diabetic rats, the pigment epithelium of the retina was 
altered. In these instances it had a yellow stain, varying from 
the just discernible to the vivid. Whatever its intensity, when 
present, the color was uniform in individual cells and was present 
in all pigment epithelial cells. The entire cell layer had the same 
general appearance. No dye was seen to radiate from these cells 
into the adjacent photoreceptor layer. 


It is generally held that weight gain can be used as an appro- 
ximate index of the severity of streptozotocin-induced diabetes in 
young rats: the more severe the diabetes, the less the gain. 

For this reason we divided the rats into two groups, those gaining 
more and those gaining less than 60 gms in 4 weeks. There is a 
clear tendency by this measure for those who were severely affected 
to show a pigment epithelial abnormality: 8 of 11 of the low gainers 
had fluorescein staining of the pigment epithelium versus 2 out of 

9 of the high gainers. In addition, six eyes from four insulin~ 
treated rats from an accessory series were also studied. Each of 
these eyes was normal in all respects. 


Horseradish Peroxidase Studies 


Both to define the extent of the pigment epithelial abnormality 
and to be reassured that the negative result for the retinal blood 
vessels would stand up to an independent and sensitive test, a second 
protocol was undertaken. In another, 6 diabetic rats after induction 
of deep pentobarbital anesthesia (50 mg/kg ip) with diphenhydramine 
hydrochloride and methysergide maleate (1 mg/kg iv) were injected 
to forestall vascular permeability breakdown by horseradish peroxi- 
dase. Five minutes later, horseradish peroxidase (200 mg/kg) dis- 
solved in 1 ml of .85% sodium chloride solution was given intra- 
venously. Ten minutes later, the rats were killed and the eyes 
enucleated. They were immediately immersed in a solution of 3% 
glutaraldehyde and 0.5% formaldehyde. Fixation and histochemical 
processing were done by a standard method. 14 


To light microscopic observation of the resulting tissue 
sections, there apparently were inclusions in the pigment epithelial 
cytoplasm, irregularly rounded aggregates of reaction product being 
visible. However, this observation was misleading. When viewed 
in the electron microscope, the aggregates were all exterior to the 
cell. The discordance between light and electron microscopic obser- 
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vations was due to an unusual inward penetration of the fingerlike 
basal infoldings. In the diabetic rat, these were markedly elong- 
ated. In tissue sections, horseradish peroxidase could readily be 
observed in the choroid, Bruch's membrane, and in the area immedi- 
ately surrounding the pigment epithelial cells. Once the elaborate 
infoldings had been observed, it was clear that there had been no 
entry of horseradish peroxidase to the epithelial cell cytoplasm. 
Nor when retinal blood vessels were carefully studied was any 
reaction product visualized outside their lumens. Reaction product 
could however be seen extending out as far as the tight junctions 
between neighboring endothelial cells. 


Proliferation of RPE Basal Surface Membrane 


Although a negative study in terms of permeability, the HRP 
experiments led to a new and perhaps a more significant finding 
than that originally sought: in the diabetic rat the basal surface 
membrane of the retinal pigment epithelium had proliferated. Full 
details of the stereological procedures by which the_surface area 
was measured and calculated are published elsewhere. Using care- 
fully prepared photographic montages, the method depends on the 
counting of intersects of basal cell surface membrane with the 
parallel lines of a transparent overlying grid. When properly 
done, membrane length can be accurately calculated. In the present 
instance the calculated value was expressed as length of basal cell 
membrane per unit length of Bruch's membrane. In turn, this can 
quite readily be converted into surface area. 


Even before precise measurements were available, it was clear 
that the basal membrane was increased in length. Infolded basal 
membrane, assuming tortuous configurations, extended deeply into 
the retinal pigment epithelium cytoplasm in the diabetic rats 
(Figure 1). Since the infoldings were filled with reaction product, 
they were clearly outlined. When basal surface measurements were 
undertaken, the result was nevertheless startling: on a linear 
basis, basal membrane length per length of Bruch's membrane rose 
by a third from 8.6 to 11.6 (expressed as a ratio, independent 
magnification). In terms of surface area, this works out to an 
effective doubling, or put into practical units, for every 1 um? 
of Bruch's membrane there was now 135 m2 of pigment epithelial 
basal surface area instead of the former 76 um“. Since by our 
calculations and those of Lerche the retinal blood vessels have 
a total surface area slightly less than Bruch's membrane, this 
also means that the basal retinal pigment epithelial surface area 
in the diabetic rat exceeds that of the retinal blood vessels by 
a factor of 200. Interestingly, within the limits of this study, 
there was an as yet undefined but clear tendency for the basal 
surface area to increase with an increased duration of diabetes 
(see Table III). 
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Retinal Pigment Epithelium 


Figure la: Control retina. Basal infoldings (arrow) can be readily 
seen. Horseradish peroxidase is within them but has 
not entered the cell. 


Figure lb: In diabetic rat, basal infoldings are both more elabo- 
rate and of greater extent. 


SUMMARY 


At present, light and electron microscopic methods permit the 
evaluation of the status of the blood-brain and blood-retinal 
barriers through the use of marker dyes and test substances. In 
the present series of studies, fluorescence microscopy of freeze- 
dried tissues and electron microscopy of liquid-fixed tissues were 
used to measure barrier integrity under stress. Although this 
review describes the results of two stresses -- hypertension and 
diabetes -- information is now available on the effects of several 
others as well. In the case of acute hypertension in the monkey, 
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Table III: Basal pigment epithelial surface area increases with 
duration of experimental diabetes. 


INTERVAL ea x INCREASE 
CONTROL 75.7 
STREPTOZOTOCIN 
3 WKS 116.6 54 
4 WKS 132-3 75 
5 WKS 156.3 106 
AVERAGE 78 


a remarkable difference in susceptibility between brain and retina 
was found. In the diabetic rat, the essential nature of the 
barriers is retained while unexplained alterations of the basal 
surface membrane of the pigment epithelial cell take place. 
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EXPERIMENTAL INNER RETINAL ISCHAEMIA AND THE BLOOD~RETINAL BARRIERS 
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The blood retinal barriers are remarkably rugged and resi- 
lient structures which are designed to protect the internal environ- 
ment of the highly specialized and cellular retina. The barriers 
strictly regulate the movement of fluid, protein and metabolites 
into and out of the retina, thereby maintaining the critical archi- 
tecture and orientation of the outer retinal receptors. 


Both inner and outer barriers can withstand considerable phy- 
Siological and aphysiological stress and can function adequately 
despite limited pharmacological insults, e.g. hypertonic and hypo- 
tonic solutions, histamine and prostaglandins. They can also resist 
short periods of hypoxia and ischaemia without significant loss of 
barrier properties. Even when barrier functions have been disturbed 
by acute circulatory failure both the retinal pigment epithelium 
and retinal vascular endothelium exhibit considerable recuperative 
and regenerative properties so that when circulation is restored 
there may be a rapid re-establishment of barrier integrity. 


In health, the retinal vascular endothelium has a stable cell 
population with a relatively low turnover rate, e.g. Engerman 
estimates that in the mouse each endothelial cell renews itself only 
once every three years. Nevertheless, following injury, stress, or 
pathological conditions the endothelial cells have a potential to 
hypertrophy and proliferate to reline denuded regions of vascular 
basement membrane and to expand to accommodate the increased luminal 
diameter of collateral vessels. 


There are, nevertheless, many stresses and pathological condi- 
tions which precipitate either transient or permanent breakdown of 
one or both retinal barriers, leading to abnormal vascular permea- 
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bility, altered retinal metabolism and loss of visual functions. 

The integrity of the retinal vessels, particularly the microvascu- 
lature, may be affected by a) distension of the vessel walls, e.g. 
following acute branch vein occlusion, b) venous stasis and ischae- 
mia, e.g. diabetes and chronic retinal vein occlusion, c) inflam- 
mation, either direct, e.g. retinal vasculitis, or secondary to an 
acute retinitis, e.g. toxoplasmosis, d) various pharmacological 
agents, e.g. nicotinamide and epinephrine, or e) a defect in the 
retinal endothelial cells themselves, e.g. telangiectasias, vascular 
tumours or preretinal neovascularization. 


There are few clinical conditions in which all these factors 
are operational; however, in branch retinal vein occlusion many come 
into play at one stage or another during the evolution of the disease 
process. Immediately following occlusion there is acute distension 
of the involved venous circulation, and this is followed by varying 
degrees of venous stasis and inner retinal ischaemia according to 
the order of the vein obstructed and the efficiency of the developing 
collateral circulation. The liberation of irritative degradation 
products from the necrotic inner retina excites a chronic inflamma- 
tory reaction, and, in long standing branch vein obstruction with 
extensive ischaemia, preretinal and papillary neovascularization 
commonly occur. In addition, alterations may also occur at the 
level of the outer retina secondary to widespread inner retinal 
ischaemia and venous stasis, occasionally to such an extent that 
there is a failure of barrier functions. 


Branch vein occlusion can be conveniently studied in the 
experimental animal, particularly the rhesus monkey whos yetinal 
circulation is virtually identical to that of the human.”™’ Venous 
occlusion and obstruction can be produced easily by photocoagulation, 
and, although the alterations which occur in the affected vessels 
of a healthy monkey may not completely parallel those occurring in 
an elderly arteriosclerotic individual, useful comparisons and 
extrapolations can be made. The reminder of this presentation con- 
cerns itself principally with the effects of an acute branch retinal 
vein occlusion and subsequent inner retinal ischaemia on the retinal 
microvasculature and the retinal pigment epithelium. The formation 
of subretinal neovascular membranes secondary to retinal vein 
occlusion will also be briefly discussed. 


1. BRANCH VEIN OCCLUSION - ALTERATIONS TO THE RETINAL VASCULATURE 


Branch retinal vein occlusions were produced in the rhesus mon- 
key by photocoagulating single or multiple branch veins of varying 
magnitude using an O'Malley log 2 photocoagulator. Small target 
size, high intensity burns were used to occlude selected veins with- 
out affecting nearby arteries. A technique was established whereby 
flow was initially arrested with a single, high intensity burn 
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straddling the selected vein, followed by one or more supplementary 
burns directed downstream to the partially collapsed adjacent 
segment of the vessel. Occasionally patency was re-established 
following such treatment and rephotocoagulation was undertaken at a 
later date. Photocoagulation produced necrosis and atrophy of the 
nearby retina, retinal pigment epithelium and choriocapillaris, but 
the choroidal circulation was not significantly affected elsewhere 
as judged by fluorescein angiography, histopathological analysis 
and neoprene-latex injection studies. 


Immediately following photocoagulation of a major retinal vein 
there is an acute dilatation of all venous radicals within the 
distribution of the obstructed vein and an accompanying outpouring 
of fluid into the retina. Occasional punctate or blotch haemor- 
rhages occur at distended terminal venules although haemorrhage is 
not a feature of the immediate post-occlusive phase. Concomitant 
narrowing of the fellow artery occurs, and there is substantial 
reduction in arterial flow as measured by fluorescein angiography, 
and radioactive microsphere impaction technique. 


Fluorescein angiography in the immediate post-occlusive stages 
demonstrate marked slowing of the obstructed circulation with 
pronounced stasis at the junction of the precapillary arteriole and 
the capillary network (Fig. 1). Many precapillary arterioles have 
characteristic blunt terminals with little or no filling of the 
capillary network beyond these points. This angiographic appearance 
probably represents constriction of the precapillary arteriole and 
may be an autoregulatory response to the acute rise of pressure in 
the retinal venous circulation and microvasculature. Eventually 
dye circulates through the capillary network and dilated venules, 
and leakage of dye can be appreciated at the terminal venules. The 
terminal venules are particularly vulnerable as their wide lumina 
and relatively thin walls have low resistance to sudden increases 
in intraluminar pressures. A further manifestation of the high 
capillary pressure within the obstructed capillary bed is the 
retrograde flow of dye for a short distance into terminal arterioles 
at the junction of the obstructed and normal circulations (Fig. 2). 
Capillary collaterals form almost immediately following occlusion 
and rapidly drain blood from the obstructed to the non-obstructed 
circulation. They are very efficient and if the area of venous 
stasis is not too great, they permit full perfusion of the impli- 
cated capillary bed. Late phase angiograms demonstrate widespread 
decompensation of the blood retinal barrier on the venous side of 
the circulation. It is particularly pronounced at the level of the 
terminal venules although leakage may be confined in certain areas 
to the capillary network. 


Histological examination of incompetent areas of the micro- 
vasculature shows that the terminal venules and venous capillaries 
are widely dilated and lined by attenuated endothelial cells (Fiq.3). 
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Fig. 1. Mid venous phase fluorescein angiogram of foveal (F) and 
macular region of rhesus monkey in which a left supero-temporal vein 
has been occluded by photocoagulation. There is marked retardation 
of venous return in the territory of the occluded vein and stasis 

is particularly pronounced at the level of precapillary arterioles 
which have characteristic blunt tips (arrows). 


Despite their marked thinning the endothelial cells characteristi- 
cally remain structurally intact, and there is no evidence of 
tearing or dissolution of the plasma membranes or tight junctions. 
The endothelial cells,which normally show only minimal vesicular 
transport, exhibit increased and intense pinocytotic activities at 
all levels within the cells. Fused and often giant pinosomes are 

a typical feature, suggesting that such vesicular transport is a 
possible route for the extravascular outpouring of fluid (Fig. 3). 
It may also be that in the immediate post~-obstructive phase when 
there is a marked gradient between intraluminar and tissue pressure 
contiguous pinosomes fuse across the entire width of the attenuated 
endothelial cells thus providing a rapid transcellular route for 
bulk fluid flow. As tissue pressure increases with retinal hydra- 
tion and intraluminar pressure decreases secondary to collateral 
formation the rapid transfer of fluid will correspondingly diminish. 


Studies using horseradish peroxidase demonstrate that the 
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Fig. 2. Late venous phase angiogram of fundus shown in Fig. l. 


Dilated capillary collaterals divert dye across the median raphe into 


the non-obstructed venous circulation. There is also retrograde 


flow of dye into some nearby arterioles (A) for a short distance. 
Dye leakage occurs predominantly at small venules. 


Fig. 3. Endothelium of obstructed post-capillary venule 15 mins. 
after photocoagulation. Fused pinosomes are present at the basal 
plasma membrane of the endothelial cell (arrow). 


(Lumen - L). 
x 50,000. (Reduced 50% for reproduction.) 
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Fig. 4. Obstructed post-capillary venules 15 mins. after occlusion. 

Peroxidase reaction product is present in the lumen (L) but has not 

passed the tight junction. Basement membrane (BM) also remains free 
of product. x 80,000. (Reduced 50% for reproduction.) 


Fig. 5. Breach in endothelium (E) of terminal venule 15 mins. post- 
occlusion (arrows). Red blood cells are present in the extra- 


vascular space (RC). x 40,000. (Reduced 50% for reproduction.) 
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tracer accumulates on the luminal aspect of the tight junctions and 
does not penetrate to the basal lamina via the junctional complex 
(Fig. 4). Tracer, however, could be identified within pinosomes 

in endothelial cells although no significant amounts were identified 
at this early stage beyond the vessel wall. Hockley, et al, 
demonstrated that by 1% hours after the acute vein occlusion horse- 
radish peroxidase could be identified in the vascular basement mem- 
brane and extra cellular space of the retina, but no tracer transit 
was observed via the intercellular junctions. Therefore, it seems 
likely that the immediate outpouring of fluid secondary to venous 
occlusion occurs through the endothelial cells with pinocytosis 
being an important mechanism of fluid transport. It is not clear 
what size of molecules pass through the endothelial cells at this 
stage, however, it is likely that large molecules can bypass the 
more selective endothelial transport mechanism and gain the extra- 
vascular space. Following angiography fluorescein accumulates extra- 
vascularly in high concentrations and presumably much of this com- 
pound is protein bound. It also seems likely that at this early 
post-occlusive stage most of the changes can be attributed to an 
increased hydrostatic pressure and that hypoxia or anoxia play only 
a subsidiary role or no role at all in causing vascular incompetence. 


Although the plasma membrane and tight junctions were generally 
preserved in the immediate post-occlusive phase, occasional defects 
in the vessel walls were detected. Dehiscences were typically found 
in terminal venules particularly where red blood cell extravasation 
had occurred (Fig. 5). Such dehiscences breached both plasma mem- 
branes of the endothelial cells but did not involve junctional com- 
plexes. At the zones of cytoplasmic discontinuity plasma membranes 
were well defined, exhibiting their typical trilaminar structure. 
Such "pores" could provide a convenient route for the extravasation 
of large particles, particularly red blood cells, inflammatory 
cells and macromolecules. As capillary competence was regained in 
most instances within 2 to 7 days, it is likely that the endo- 
thelial cells can rapidly repair such cytoplasmic defects and re- 
establish barrier properties. 


Events which follow the acute phase of vein obstruction are 
dictated by the order of the vein obstructed, the formation of 
collaterals and whether circulation is re-established at the site 
of photocoagulation. In small order vein obstructions with exten- 
sive collateral systems oedema resolves within a few days and 
intraretinal haemorrhage rapidly absorbs over three to four weeks. 
After a few weeks residual preferential collateral channels are all 
that remain and these typically remain competent to dye. Some 
subtle structural and architectural alterations can always be 
detected within the involved retinal microvasculature; however, no 
abnormality of the blood retinal barrier is present as judged by 
vascular competence during fluorescein angiography. 
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Monkeys with large order complete vein occlusions frequently 
develop extensive haemorrhage within the obstructed venous circu- 
lation some 12 to 24 hours after photocoagulation. The cause of 
haemorrhage at this stage is not known, but it probably represents 
the cumulative effects of hypoxia, anoxia and raised intraluminar 
pressure. Haemorrhages were often extensive, persisted 7 to 8 weeks 
and occurred at all levels within the retina, occasionally extending 
to the subretinal space. Some obstructed veins became sheathed 
with lymphocytes and acute inflammatory cells, and areas of frank 
retinal infarction (cotton wool spots) were noted. Once haemorrhage 
and oedema had resolved, areas of capillary closure could be identi- 
fied. These were often extensive although once established they did 
not tend to progress (Fig. 6). Major retinal vessels which traversed 
areas of capillary non-perfusion often showed structural abnormal- 
ities and stained with fluorescein during angiography indicating 
an abnormality of their endothelial cells. 


A wide variety of structural abnormalities were noted in the 
residual retinal microvasculature, particularly stunted and spike- 
like venules and arterioles which bordered and projected into areas 
of non-perfused retina. Microaneurysmal-like dilatations were also 
common usually representing the remnants of the atrophic capillary 
bed (Fig. 6). These focal microvascular abnormalities were often 
hyperfluorescent but in no instance was there any significant or 
sustained leakage of dye from such vascular abnormalities into the 
retina. Indeed, despite widespread structural abnormalities of the 
retinal microvasculature and the presence of vast areas of non- 
perfused retina, in no instance were we able to achieve chronic 
intraretinal oedema. Hamilton, et alee report Similar findings. 


Proliferative as well as atrophic and degenerative changes also 
took place within the affected microvasculature. Fine capillary- 
like vessels originated from the venous side of the circulation and 
randomly infiltrated ischaemic or non-perfused regions of the retina 
for varying distances. These irregular vessels formed loops and 
spirals and forged links with fellow adjacent new capillaries. On 
occasion , they seemed to parasitize residual major ghost vessels 
but the rate of growth was slow, and they characteristically 
remained competent to fluorescein apart from their apices which were 
hyperfluorescent. The new capillary complexes were constantly being 
remodelled and in some regions showed closure and atrophy. At no 
time were any of ‘these intraretinal new vessels observed to pene- 
trate the internal limiting membrane or form typical preretinal 
neovascular fronds. 


In subsequent experiments areas of greater inner retinal ischae- 
mia were produced by occluding both major superior temporal and 
inferior temporal veins. This model had the advantage of producing 
a well defined watershed between nasal perfused and temporal non- 
perfused inner retina, and foci of intraretinal neovascularization 
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Fig. 6. Venous phase angiogram of posterior fundus (Fovea-F) of 
rhesus monkey taken 2 months following photocoagulation of left 
inferotemporal vein. Widespread areas of non-perfused retina are 
present (N) and microaneurysmal-like dilatations occur in the resid- 
ual capillary bed. The mottled background fluorescence reflects 
pigment epithelial alterations. 


that infiltrated ischaemic retina could be easily identified, orien- 
tated, and blocked for electron-microscopic evaluation without 
involving the adjacent perfused retinal microvasculature. 


Histological studies of experimental intraretinal new vessels 
demonstrate that they have the features of a normal retinal capil- 
lary for most of their course. They characteristically extend into 
the ischaemic retina either via basement membranes of old necrotic 
veins and arterioles or within the interstices of the abundant glial 
tissue which occupies the scarred inner retina (Fig. 7). Electron- 
microscopy demonstrates that the new vessels have normal retinal 
capillary features with bulky endothelial cells showing hetero- 
chromatic nuclei, numerous mitochondria and well developed golgi 
apparatus (Fig. 7). There is usually a fine basement membrane, and 
pericytes or their processes are always in evidence. Strands of 
redundant basement membrane from old ghost vessels frequently encir- 
cle the new vessels and the entire complex is usually encapsulated 
by the processes of Mueller cells which themselves have a fine base- 
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Fig. 7. New intraretinal capillary relining redundant vascular basal 
lamina (BL). Pericyte(P)-endothelial cell (E) contacts or junctions 
are common (arrows). x 20,000. (Reduced 50% for reproduction.) 


ment membrane. The endothelial cells for the most part are joined 
by well defined intercellular junctions. There appears to be an 
important spacial relationship between the pericytes and the endo- 
thelial cells and not infrequently cell to cell contacts are estab- 
lished that penetrate the basement membrane between the endothelial 
cell and the pericyte (Fig. 7). Towards the growing end of the 
capillary the endothelial cells show a corresponding increase in 

the density of cellular inclusions. The cell junctions in this 
region are poorly defined; however, membranous densifications in the 
region of cellular apposition indicate that some form of assembly 

is in progress. At this stage the basal lamina which ensheaths both 
endothelial cells and pericytes is tenuous and incomplete, and the 
voluminous endothelial cytoplasm has in places reduced the lumen to 
a convoluted slit-like structure. The endothelial cell organelles 
are remarkable both in concentration and development (Fig. 8). 
Mitochondria are large and numerous and encompassed by extensive, 
sometimes dilated cisternae or rough endoplasmic reticulum which 

are filled by a finely granular, homogeneous material. The golgi 
apparatus in these cells occupy a large volume of the cytoplasm and 
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Fig. 8. New intraretinal capillary sprout proximal to growing tip. 
The elaborate golgi complexes, dilated rough endoplasmic reticulum 
cisternae (C) and tenuous cell junctions characterize this region 

of the vessel. x 40,000. (Reduced 50% for reproduction.) 


are highly active in the production of both smooth surfaced and 
coated vesicles. Weibel-Palade bodies are common and could often 
be seen close to their origin within the golgi saccules.’ Pino- 
cytotic vesicles, many of which show fusion with one another, are 
much in evidence at both major cell surfaces although this activity 
varies greatly from cell to cell. These cells, as noted previously, 
are in close contact with pericytes and translaminar zones of con- 
tact are common. The morphological evidence is that these are new 
endothelial cells which are actively metabolizing, synthesizing 

and proliferating. 


At the growing tip of the capillary the endothelial cells are 
loosely approximated with poorly defined intercellular junctions 
and without an established lumen. Many of these apical cells have 
numerous processes which interdigitate and link up with fellow 
cellular prolongations, occasionally forming a primitive lumen. 
Pericyte processes are also present in considerable numbers and may 
be difficult to differentiate from processes of endothelial cells; 
however, the identification of Weibel-Palade bodies is always a 
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valid and helpful marker for an endothelial jeu The advancing 
tips of the new intraretinal vessels are surrounded and preceded 

by clusters of phagocytes which actively engulf extraneous debris 
thereby aiding the progress of the proliferating endothelial cells. 
Also in the vanguard of the advancing new vessels are processes of 
pericytes which show subplasma membrane densifications and grow in 
tandem with the processes of endothelial cells. Redundant acellular 
basement membranes of former retinal vessels are parasitized not 
only by endothelial cells and pericytes but also by other cells 

such as phagocytes and the processes of Mueller cells (Fig. 9). 


Intraretinal neovascularization or revascularization is a well 
known clinical phenomenon and can be easily identified in young 
patients with branch retinal vein thrombosis where non-perfused 
areas of retina develop. As in the experimental model the new intra- 
retinal vessels develop from the retinal venous bed that surrounds 
the zone of ischaemic retina and may arise from capillaries, venules 
or veins. The new vessels range in calibre from 20 to 50 u's and 
are usually identified as linear capillary-like outgrowths which 
bifurcate in a typical wide-angle fashion, intertwine with adjacent 
retinal vessels and ramify within areas of retina known to be avas- 
cular, e.g. the fovea or capillary free zones of arteries. The new 
vessels remain competent to fluorescein for the most part although, 
as in experimental models, the leading edge of the new capillary is 
generally hyperfluorescent and dye may even extravasate for a short 
distance into the adjacent retina. 


It is unlikely that the new intraretinal vessels fulfill any 
significant metabolic function within the retina they infiltrate; 
however, they do not appear to have any adverse affect on the retina 
and are not generally associated with significant intraretinal 
oedema or haemorrhage. 


The exact mechanism of intraretinal neovascularization is not 
known but a process of endothelial and pericyte budding and proli- 
feration would seem most likely with basement membrane of residual 
necrotic vessels providing convenient, if not preferential pathways 
of low resistance. The almost normal structure of these newly formed 
capillaries and their competence during fluorescein angiography is 
in striking contrast to the poorly constructed and incompetent 
vessels found in preretinal neovascularization, and the exact rela- 
tionship between these two forms of vessel growth has yet to be 
defined. Perhaps the dense glial tissue and residual basement mem- 
branes into which many of these new intraretinal vessels grow 
restrict the rate of proliferation of endothelial cells and favour 
the formation of well organized vessels. By the same token the 
absence of restraining influences in the preretinal space may account 
for more rapid growth and extension of endothelial cells in this 
area leading to the formation of more primitive preretinal tubes. 
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Fig. 9. Glial processes (G) infiltrating redundant vascular basal 
lamina (BL). x 12,000. (Reproduced 50% for reproduction.) 


We conclude therefore that intraretinal neovascularization is 
a process of revascularization of ischaemic inner retina by capil- 
lary-like vessels. The process is slow, incomplete and without 
obvious functional benefit to the retina. The new vessels that 
develop are mature in structure with well defined junctional com- 
plexes and are, for the most part, competent to fluorescein. The 
vast majority of these new vessels remain within the retina and do 
not appear to be the normal precursors of preretinal neovasculari- 
zation. 


The stimulus responsible for the proliferation of endothelial 
and pericyte cells and the formation of new intraretinal vessels 
is not known, although in view of their characteristic tendency to 
infiltrate ischaemic retina it might be argued that hypoxia and 
anoxia are important factors. To determine whether the ischaemic 
inner retina which had been infiltrated by new vessels was hypoxic 
or anoxic, oxygen tension measurements were made in the immediate 
vicinity of perfused and non-perfused retina using an oxygen micro- 
electrode. The oxygen microelectrode was introduced into the rhesus 
monkey eye through a pars plana incision and readings taken 100 u's 
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above the internal limiting membrane over areas of normal and ischae- 
mic retina where new intraretinal sprouts had formed. No signifi- 
cant difference in oxygen tension was found between normal and non- 
perfused inner retina indicating that the intact choroidal circu- 
lation was capable of furnishing the oxygen requirements of the 

now atrophic and relatively acellular inner retina. 


2. BRANCH VEIN OCCLUSION - ALTERATIONS AT THE OUTER RETINA 


In experimental vein occlusion significant structural altera- 
tions also occurred at the level of the outer retina. Some of the 
changes occurred at or near the site of vein occlusion and were 
clearly secondary to the effects of photocoagulation; however, some 
structural alterations occurred remote from photocoagulation marks 
and appeared to be a response to, or a direct consequence of, the 
inner retinal ischaemia. 


Subtle alterations in the retinal pigment epithelial cells and 
outer receptors occurred in those regions bordering the territory 
of the vein occlusion, particularly where a watershed existed bet- 
ween perfused and non-perfused retina. Mild retinal pigment epi- 
thelial alterations were also detected in areas of normally perfused 
retina where subretinal accumulation of fluid had probably occurred 
following the acute vein occlusion. 


Profound alterations to both the retinal pigment epithelial 
layer and retinal receptors occurred in those regions where there 
was marked inner retinal ischaemia and necrosis, and in some regions 
there was total absence of the retinal receptors. Alterations in 
the retinal pigment epithelial layer were easily observed and took 
the form of irregular areas of depigmentation, pigment mottling and 
clumping. Drusen-like bodies were frequently seen, and where the 
internal limiting membrane was defective pigment accumulation 
occurred on the surface of the retina. In affected regions fluo- 
rescein angiography demonstrated a generalized hyperfluorescence 
consistent with alterations to the pigment epithelial cells. Only 
in rare instances, however, was there any breakdown of the retinal 
pigment epithelial barrier with extravasation of dye into the sub- 
retinal space or outer retina. 


Histological changes occurring at the retinal pigment epithelium 
included atrophy, depigmentation, proliferation, migration and phago- 
cytosis and membrane formation. 


a) Depigmentation and Atrophy 


Depigmentation and atrophy of the retinal pigment epithelial 
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cells were the commonest alteration in the outer retina subsequent 
to severe inner retinal ischaemia. The more severely affected cells 
had degenerate and pyknotic nuclei, ruptured mitochondria and accu- 
mulations of autophagosomes. In some areas the retinal pigment epi- 
thelial cells were absent or replaced by the processes of Mueller 
cells. Despite atrophy and degeneration of pigment epithelial cells 
their basal lamina typically remained intact. 


b) Proliferation 


Retinal pigment epithelial proliferation was also a common 
phenomenon and occurred both in the vicinity of photocoagulation 
marks and beneath ischaemic inner retina. Reduplication of the 
retinal pigment epithelial layer was not infrequent. A second layer 
of pigment epithelial cells formed with their apical portions closely 
approximated to the processes of the original pigment epithelial 
cells. The basal lamina of the newly elaborated pigment epithelial 
cells in such instances was oriented towards the neuro-retina (Fig. 
10). The newly formed pigment epithelial cells generally had a full 
complement of cytoplasmic organelles and characteristic spindle- 
shaped pigment granules. 


Excessive proliferation of pigment epithelial cells in some 
regions led to the formation of intraretinal pigment epithelial 
mounds which were highly pigmented and often occupied the full thick- 
ness of the residual retina. Occasional giant cells were identified 
in the vicinity of the photocoagulation marks and were characterized 
by multiple nuclei incorporated within a complex cytoplasmic syncy- 
tium (Fig. 11). The nature of these giant cells was not clear 
although it is possible that they originated from the retinal pig- 
ment epithelial layer. They differed strikingly from the typical 
Langhan's giant cells in that they lacked a common cytocentrum, 
having their golgi complexes located about individual nuclei. The 
plasma membrane displayed an elaborate microvillous border and much 
of the cell cytoplasm was occupied by numerous large mitochondria. 


c) Migration and Phagocytosis 


Pigment epithelial migration occurred commonly in the neigh- 
bourhood of photocoagulation marks and to a lesser extent beneath 
ischaemic retina. The migrating pigmented cells appeared to bud off 
the free edges of the residual pigment epithelial cells and infil- 
trated the ischaemic and necrotic retina. These migrating cells had 
no basement membrane but possessed typical spindle-shaped melanin 
granules which were unrelated to secondary lysosomes and were there- 
fore interpreted as primary or native granules. These altered 
retinal pigment epithelial cells actively phagocytosed the debris 
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Fig. 10. Discontinuous retinal pigment epithelium (RPE) showing 
reduplication. Note apposition of cell apices (white arrows) and 
presence of basal lamina at both retinal and choroidal aspects of 
pigment epithelial cells (black arrows). Bruch's membrane (BM) 
remains intact. x 50,000: (Reduced 50% for reproduction.) 


Fig. 11. Giant cell in subretinal space. Multiple euchromatic nuclei 
(N) with prominent nucleoli are embedded in a cytoplasmic syncytium 
which shows large aggregates of mitochondria, many individual golgi 
complexes (white arrows) and an elaborate microvillous border. 

x SOOO. (Reduced 50% for reproduction.) 
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Fig. 12. Phagocytosis of rod outer segment (RO) by migrating pigment 
epithelial cell. Native melanin granules (M) may be seen in the 
cytoplasm which also contains many secondary lysosomes (SL). 

x 12,000. (Reduced 50% for reproduction.) 


Fig. 13. Subretinal pigment epithelial membrane. Cells are joined 
by desmosomal junctions (white arrows) and have lost much of their 
native pigment. Microvillous border is orientated towards neural 
Tetra 15), OOO (Reduced 50% for reproduction.) 
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in the subretinal space and were frequently observed engulfing rem- 
nants of degenerate outer receptors (Fig. 12). 


Defects in the internal limiting membrane were found both in the 
vicinity of photocoagulation marks and overlying ischaemic and necro- 
tic retina particularly where superficial retinal haemorrhage had 
occurred. At such locations the migrating retinal pigment epithelial 
cells gained the preretinal space. 


dad) Membrane Formation 


Intraretinal pigment epithelial membrane formation was occasion- 
ally observed in the vicinity of photocoagulation marks. The mem- 
branes were formed of pigment epithelial cells either loosely appro- 
ximated or secured by well defined desmosomal junctions. The pig- 
ment epithelial cells had well defined basement membranes and mela- 
nin granules and maintained a uniform polarity with their apical 
processes directed towards the retinal receptors (Fig. 13). Pig- 
ment epithelial membranes were also identified on the surface of the 
retina where the internal limiting membrane was defective. 


The reaction of the retinal pigment epithelium to stress and 
disease has been well documented and responses such as proliferation, 
migration and membrane formation have been noted in experimental 
retinal detachment and laser photocoagulation burns. 10,11 A res- 
ponse of the retinal pigment epithelium to disease of the inner ret- 
ina has also been noted in experimental vein occlusion although to 
a much lesser degree than that observed in the above experiments.* 
Why such profound structural alterations occur in the outer retina 
secondary to inner retinal ischaemia is not clear, particularly in 
the absence of any observable alterations to the choroidal circu- 
lation. It is possible that the accumulation of intraretinal and 
subretinal fluid and blood following the acute venous occlusion 
resulted in damage to the outer retinal receptors and provoked a 
retinal pigment epithelial response. Alternatively, the liberation 
of toxic degenerative products from the necrotic inner retina may 
also have adversely affected the outer retina. Transynaptic dege- 
neration of the neuro-retina may also have followed necrosis and 
atrophy of the ganglion cell layer. Whatever the mechanism, it seems 
clear that alterations to the inner retina, if severe enough, have 
a significant influence on outer retina structure and barrier func- 
tions. 


3. BRANCH VEIN OCCLUSION - SUBRETINAL NEOVASCULARIZATION 


A third alteration which took place at the level of the outer 
retina in monkeys with ischaemic inner retina was the formation of 
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Fig. 14. Established subretinal neovascular capillary. Fenestrae 

are present in the endothelium (arrow) and both endothelial cells (E) 
and pericyte processes (P) are surrounded by a fine basement membrane 
(BM). A pericyte of adjacent capillary and pigment epithelial cells 
(PE) are also present. x12,000. (Reduced 50% for reproduction.) 


Fig. 15. New subretinal neovascular sprout proximal to growing tip. 
The lumen (L) is narrow and convoluted, and the endothelial cells (E) 
are ensheathed by pericyted (P) or their processes. x 8,000. 
(Reduced 50% for reproduction.) 
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subretinal fibrovascular membranes. The neovascular membranes were 
identified in the region of photocoagulation scars and infiltrated 
for varying distances beneath the ischaemic and necrotic retina. 

In no instance did the neovascular fronds extend beneath normal ret- 
ina. Most neovascular fronds remained in the neighbourhood of the 
photocoagulation scars although some new vessels infiltrated the 
retina for several disc diameters and developed well defined afferent 
and efferent trunks. Fluorescein angiography revealed that the neo- 
vascular network were grossly incompetent although the major arterial 
and venous radicals did not leak dye to any significant degree. 


Histologically the new vessels were identified in the subreti- 
nal space and as far as we could detect did not infiltrate beneath 
the retinal pigment epithelium. The overlying retinal receptors 
were atrophic and the ischaemic inner retina was largely replaced 
by glial cells. The retinal pigment epithelium in the vicinity of 
the proliferating new vessels showed a wide range of changes inclu- 
ding proliferation, atrophy and intraretinal membrane formation. 


Ultrastructural examination showed that established neovascular 
fronds were composed of capillaries having patent lumina, and per- 
fused with a plasma-like substance containing red blood cells. The 
capillaries had a well defined endothelial layer, certain cells of 
which exhibited 50 to 60 nanometer fenestrae (Fig. 14). The endo- 
thelial cells also had a regular basement membrane and were surroun- 
ded by pericyte cells or their processes. 


At the advancing front of the neovascular complexes numerous 
capillary sprouts were present. The endothelial cells of these more 
primitive vessels were bulky and characteristically demonstrated a 
well developed rough endoplasmic reticulum (Fig. 15). These endo- 
thelial cells were only loosely approximated and frequently reduced 
the lumen of the vessel to a mere slit-like cavity. The endothelial 
cells were characteristically sheathed by numerous active pericytes 
and their processes, and cell to cell contact was common. 


The precise factors leading to the formation of subretinal neo- 
vascular fronds subsequent to branch retinal vein occlusion are not 
clear; however, the important features in each instance were intense 
photocoagulation marks, widespread inner retinal ischaemia and alter- 
ations at the level of the retinal pigment epithelium and retinal 
receptors. The mechanism of new vessel growth appears to be one of 
capillary budding with both endothelial and pericyte cells playing 
an active role. As the new capillaries develop the endothelial 
cells form junctional complexes, fenestrations appear in their cyto- 
plasm and pericytes become much less obvious. 
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EXPERIMENTAL RETINAL ANGIOGENESIS 


Daniel Finkelstein, M.D. and Arnall Patz, M.D. 
The Wilmer Institute, Johns Hopkins Hospital 


Baltimore, Maryland 21205 


The subject of angiogenesis, although not directly relevant 
to this symposium, does demonstrate a method of manipulation of 
retinal vessels that results in the loss of the blood-retinal 
barrier. 


Experimental angiogenesis is of more than passing interest to 
the clinician. The clinically apparent neovascularization that 
occurs in the cornea, on the iris, from the retinal vessels, and 
from the choroidal vessels accounts for the greatest cause of 
severe ocular morbidity in the United States today and is a 
significant cause of visual loss in other countries. 


It is appropriate to begin this presentation with a discussion 
of certain common clinical entities associated with retinal 
neovascularization, not only because of the clinical magnitude, but 
also because of what they teach us regarding mechanisms of retinal 
angiogenesis in general. These clinical subjects emphasize our 
immediate need to understand mechanisms of angiogenesis to 
establish research directions toward the eventual control of 
neovascularization. 


Retinal neovascularization is defined as the growth of retinal 
vessels in a configuration different from that of normal retinal 
vessels, with that abnormal configuration lying in a plane anterior 
to that of the normal retinal vessels, often extending into the 
vitreous cavity. In addition to a loss of the blood-retinal 
barrier and the consequent leakage of fluorescein dye, these blood 
vessels frequently bleed into the vitreous cavity, obscuring 
vision. Additionally, a fibrous or glial tissue often grows with 
the vessels to a degree that traction and distortion of the retina 
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may occur, producing irreparable retinal damage. 


Retinal neovascularization may occur at the optic nerve head 
or in the peripheral retina and is clinically documented by fundus 
photography and fluorescein angiography. 


The neovascularization of proliferative diabetic retinopathy 
is always preceded by the appearance of capillary non-perfusion 
and the presumably consequent retinal ischemia in those areas that 
are non-perfused. It seems that the more capillary non-perfusion 
is present, the greater is the likelihood for the development of 
neovascularization. From this observation, the hypothesis has 
developed that retinal ischemia leads to the production of a 
biochemical substance, "angiogenesis factor", or "vasoproliferative 
factor" that may diffuse away from the area of retinal ischemia 
toward adjacent retinal vessels and initiate retinal neovascular- 
ization. This hypothesis has received circumstantial support in 
the treatment of neovascularization by photocoagulation, a technique 
of coagulating retinal tissue that is often followed by the re- 
gression of the retinal neovascularization. The photocoagulation 
treatment is not directed toward the coagulation of the abnormal 
retinal neovascularization itself, but is directed rather toward 
the surrounding, presumably ischemic, retinal tissue. It is 
presumed that photocoagulation destroys, or changes, ischemic retina 
that may be producing a neovascular stimulating factor in such a 
way that the production of the stimulating factor is reduced or 
eliminated. 


Although photocoagulation therapy in the management of 
diabetic neovascularization has been demonstrated to be quite 
efficacious in many stages of proliferative diabetic retinopathy, 
it nevertheless does produce some loss of visual function and at 
times may be associated with ocular complications. There is, 
therefore, a continued need for the investigation of other 
possible methods for controlling retinal angiogenesis. Additionally, 
photocoagulation sometimes cannot be performed because of advanced 
disease or media opacities. 


There are several disease entities in addition to diabetic 
retinopathy that support the "working hypothesis" that ischemic 
retina produces an angiogenesis material. These other diseases 
include retrolental fibroplasia and branch vein occlusion, both of 
which have suggested, through their clinical appearance, other 
features of the hypothesized angiogenesis mechanisms. 


Retrolental fibroplasia may be produced experimentally by 
placing certain newborn animals in high oxygen concentration at 
birth so that their retinal vessels, which have not yet completely 
grown to vascularize the retina in the far periphery, will become 
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irreversibly occluded. When the animal is then returned to room 
air, the neovascularization in the far periphery of retrolental 
fibroplasia is seen to develop, possibly from an angiogenesis 
material liberated by the peripheral ischemic tissue. As the 
initial oxygen exposure is increased, vascular closure occurs more 
posteriorly, with the resultant neovascularization similarly 
located more posteriorly. With prolonged exposure to oxygen, the 
capillary bed near the disc is also closed and disc neovascular- 
ization may result. These experimental models of retrolental 
fibroplasia that can be produced in the newborn kitten and puppy 
mimic the human disease quite closely and represent the best animal 
models to date for retinal neovascularization that resemble a 

human condition. The experimental model of retrolental fibroplasia 
has provided initial animal studies of angiogenesis, particularly 
in the demonstration of a vitreal protein whose concentration 
follows in direct proportion to retinal vessel growth. The animal 
model of retrolental fibroplasia may also provide a bioassay system 
for the testing of inhibitors of angiogenesis as they become 
available in the future. 


Retinal branch vein occlusion is a common retinal vascular 
disease which resembles a localized form of diabetic retinopathy in 
that similar vascular changes including non-perfusion occur in the 
segment of the retina that is affected by an occlusion of the vein 
in that segment. Again, the neovascularization that occurs appears 
to be related to the quantity of non-perfusion of the retina that 
exists. Additionally, it appears that the neovascularization can 
occur at a point distant from the non-perfused retina, such as from 
the optic nerve head or occasionally the surface of the iris, 
suggesting further that the proposed angiogenesis factor represents 
a diffusable substance. This concept is supported by the photo- 
coagulation therapy of neovascularization in branch vein occlusion 
in which it appears that photocoagulation of the involved retina 
can produce involution of the neovascularization that is at some 
distance from the photocoagulation itself. 


It is this clinical background that has held the "working 
hypothesis" of an angiogenesis factor in some prominence over the 
past twenty-five years. And it is with this clinical background 
in mind that several laboratories have begun a biochemical and 
physiological search for possible retinal angiogenesis activity. 


In our laboratories, this investigation began with a 
development of a consistantly produced animal model of retrolental 
fibroplasia in newborn puppies and newborn kittens. This animal 
model has provided a bioassay system to investigate certain 
mechanisms that may be related to angiogenesis. For example, we 
have performed vitrectomies on a number of newborn puppies with 
experimental retrolental fibroplasia to determine whether 
vitrectomy seems to have the same beneficial effect in producing 
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regression of neovascularization as vitrectomy does in proliferative 
diabetic retinopathy. We have not been able to demonstrate this 
beneficial effect in experimental retrolental fibroplasia, but the 
technical difficulties in performing a vitrectomy on a newborn puppy 
eye may have prevented as adequate a vitrectomy as needed. 


In beginning to look for an angiogenesis material as a pilot 
series of experiments, vitreous was removed from animals with 
experimental retrolental fibroplasia, the vitreous was concentrated, 
and the concentrate injected into the vitreous cavity of littermates 
who did not have experimental retrolental fibroplasia. The 
experiment was performed to determine whether a transferrable and 
diffusible factor produced by ischemic retina in RLF might be 
present in the vitreous and demonstrable in this sort of a bioassay 
testing procedure. No induction of angiogenesis was seen in the 
retina of the littermates that were injected. The experimental 
method suffers from the ability to present a possibly significant 
quantity of the proposed angiogenesis material, as well as other 
technical difficulties. 


Biochemical studies of the vitreous of newborn animals and 
those with experimental retrolental fibroplasia demonstrated, 
however, a vitreous protein whose concentration was proportional 
to the growth of retinal vessels, suggesting that this protein 
could be related in etiologic fashion to angiogenesis. 


In the early 1970's, we became aware, through the publications 
of Folkman and colleagues, of tumor angiogenesis factor, a sub- 
stance produced by solid tumors that could induce neovascularization 
at a distance from the tumor itself. Folkman and colleagues had 
demonstrated that an avascular tumor nodule placed in a corneal 
pocket may induce limbal neovascularization toward the tumor nodule 
some millimeters away presumably through diffusion of an angiogenesis 
material. Interestingly, through a similar bioassay technique, 
they were able to demonstrate an inhibition of this tumor 
angiogenesis mechanism by a substance extractable from neonatal 
cartilage. 


We became interested in tumor angiogenesis factor because of the 
possibility that its action on retinal vessels might provide same 
clues regarding mechanisms of retinal angiogenesis in general. We 
initiated a series of experiments in collaboration with Dr. Folkman 
and his colleagues (Steven Brem, Henry Brem, and Robert Langer) to 
determine whether tumor angiogenesis factor might produce retinal 
vessel neovascularization. These studies were undertaken not 
because we felt that tumor angiogenesis factor might be the active 
substance in proliferative retinopathy, but rather to begin to learn 
something of mechanisms of retinal neovascularization in general. 
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In order to test the effect of tumor angiogenesis factor on 
retinal vessels, we used a model system with the rabbit as the 
experimental animal. Although the rabbit retinal vessels may have 
distinct differences from those of man, the rabbit was chosen 
because of the availability of a homologous, transplantable rabbit 
tumor, the Vo carcinoma. The rabbit V5 carcinoma was used as a 
continuous source of tumor angiogenesis factor, with nodules of 
rabbit V> carcinoma injected into the vitreous cavity of the rabbit. 
Following the injection of this tumor suspension, isolated nodules 
of tumor could be seen to grow slowly in the vitreous as avascular 
spheroids and stalks, slowly growing over a period of many weeks 
toward vascularized retina. We had hoped to see the rabbit retinal 
vessels begin to undergo neovascularization as a response to the 
tumor angiogenesis factor presumably being elaborated by the tumor 
nodules, with this retinal neovascularization growing up anterior 
to the plane of the retina into the vitreous cavity toward the 
growing nodules of tumor. In this way, we would be able to 
demonstrate that retinal vessels were able to undergo neovascular- 
ization in response to a diffusible angiogenesis material. 
Unfortunately, this type of retinal growth did not occur, but 
retinal neovascularization only occurred after the tumor infiltrated 
the vascularized retina proper. Other bioassay systems that 
monitor TAF action, such as the corneal model, were able to show 
the action of tumor angiogenesis factor at a distance; therefore, 
we concluded that a possibility might be that vitreous could 
interfere with the angiogenic mechanism in our test system, just as 
it is known that cartilage contains an inhibitory substance. It 
was for this reason that we performed the intravitreal tumor 
implantation again in the rabbit, this time following vitrectomy. 
Unfortunately, following vitrectomy, the tumor grows quite rapidly 
to infiltrate the vascularized retina with too short a period of 
observation prior to the infiltration to observe the possible 
angiogenic effect. 


The experiments were performed again using irradiated rabbit 
Vp carcinoma, a preparation of tumor that is known to produce tumor 
angiogenesis factor while the tumor cells themselves are not capable 
of tissue invasion. This bioassay system also did not produce 
retinal neovascularization. 


At the suggestion of Dr. Paul Henkind, we produced a branch 
vein occlusion in several rabbits prior to tumor placement in the 
vitreous, following his concept that an angiogenesis factor may 
only be active upon retinal vessels that are previously damaged. 
Again, we saw the tumor invade retina before we could observe any 
retinal neovascularization occurring from the damaged retinal 
vessels. 


In the mid 1970's, tumor extracts containing partially 
purified tumor angiogenesis factor became available to us through 
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the courtesy of Dr. Folkman and his colleagues. Because there were 
indications that this tumor angiogenesis factor may not be strongly 
antigenic, we examined the effect of tumor angiogenesis factor on 
retinal vessels in the rhesus monkey. The tumor angiogenesis 
factor was placed in a slow release polymer of ethylene vinyl 
acetate. In this way, we were able to present 300 ug of partially 
purified tumor angiogenesis factor in a slow release polymer pellet 
with the knowledge that it would be released slowly over a three- 
week period after the pellet was placed in the vitreous cavity of 
the rhesus monkey. We placed these polymer pellets containing 
tumor angiogenesis factor through a pars plana incision directly 
onto the surface of the monkey optic nerve head. The surgical 
technique was not difficult and induced little trauma. Control 
experiments with empty polymer pellets on the optic nerve head 
demonstrated that no neovascularization was induced nor was any 
clinically apparent inflammatory response evident. 


The advantage of using such a TAF containing polymer pellet 
in the monkey was multifold. First, the problem of tumor 
infiltration was circumvented. Additionally, the pellet provided 
a direct contact with the retinal vessels with an opportunity of 
breaking the overlying internal limiting membrane in the process 
of placing the pellet on the surface of the optic nerve head. 
Importantly, we were able to explore a retinal vascular system 
more like that of the human's. 


We found that the pellets placed on the surface of the rhesus 
nerve head remained in good contact and, over a period of several 
months, disc neovascularization resulted as evidenced by vessels 
growing over the surface of the pellet from the optic nerve head. 
Fluorescein angiography demonstrated this disc neovascularization 
and demonstrated the loss of the blood-retinal barrier as late 
fluorescence typical of human retinal neovascularization. 


We did recognize, however, that tumor angiogenesis factor 
represented a heterologous protein for the rhesus monkey so that 
further controls were performed with the slow release polymer 
pellets in the rhesus monkey containing rabbit serum. We did not 
expect to see disc neovascularization from the resulting antigenic 
inflammation because retinal neovascularization is seen extremely 
rarely, if at all, in human situations associated with retinal 
inflammation. Nevertheless, when we performed these control 
experiments we were surprised to find that disc neovascularization 
did occur. Consequently, we cannot determine from the TAF experi- 
ment in the monkey what portion of the resulting disc neovascular- 
ization may have been secondary to inflammation and what portion 
may have been secondary to the tumor angiogenesis factor itself. 


Recently, Glaser and co-workers in our laboratories have 
identified a substance from retina that stimulates endothelial 
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cells in tissue culture and stimulates neovascularization in the 
chick chorioallantoic membrane. Studies are in progress to purify 
and characterize this substance with further documentation of its 
possible physiologic role in retinal neovascularization. 


For the future bioassay of possible angiogenesis substances, 
we await the ideal experimental model that will not be subject to 
the problems of inflammation. For example, the ideal situation 
might be the experimental production of retinal neovascularization 
in one eye of a rhesus monkey with the extraction of possible 
angiogenesis materials from the retina and vitreous of that monkey 
and the transferal of that substance to the vitreous and retina of 
that monkey's other eye, to avoid problems of antigenic inflanmation. 


The response of the retinal vessels of the rabbit to rabbit 
intravitreal tumor implantation suggested that adult vitreous might 
be acting as an inhibitor to that angiogenesis model. For that 
reason, vitreous extracts were bioassayed for possible inhibitory 
activity through the corneal bioassay technique that had been 
popularized by Folkman. According to this methodology, a corneal 
pocket was produced in the rabbit followed by the placement of 
lyophilized vitreous closest in the pocket to the limbus with 
placement of the source of tumor angiogenesis factor just central 
in the corneal pocket to the proposed vitreous inhibitor. When 
compared to control experiments, it was clear that vitreous was 
acting as an inhibitor of TAF induced vascularization, similar to 
the effect shown by extracts of neonatal cartilage. 


These basic laboratory investigations of angiogenesis and its 
inhibition represent a new line of investigation regarding the 
clinical problem of retinal angiogenesis. Although the presence 
of a retinal angiogenesis material must remain hypothetical, there 
is an accumulating weight of circumstantial evidence from clinical 
and basic observations that encourages us to pursue this subject 
further. 
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DISEASES AFFECTING THE INNER BLOOD-RETINAL BARRIER 


Morton F. Goldberg, M.D. 


University of Illinois 
Eye and Ear Infirmary 
1855 West Taylor Street, Chicago, Illinois 60612 


The inner blood-retinal barrier (I-BRB) is affected by a sur- 
prising array of ocular diseases, often with deterioration of vision. 
These retinal vasculopathies can be classified °* within the follow- 
ing eight categories: stretching of the vascular wall; hypoxia; 
metabolic (chemical, physiologic, and pharmacologic) alterations; 
inflammatory processes; tapetoretinal dystrophies and retinoschisis; 
trauma; developmental vascular anomalies; and preretinal neovascular- 
ization. This report will provide clinical examples of diseases with- 
in each of these major pathogeneses. Frequently, the categories over- 
lap, and may have an additive effect on disturbances of permeability. 
Thus, disruption of the I-BRB is often multifactorial, and a single 
disease affecting the retinal vasculature may be classified under more 
than one category. Diabetic retinopathy, for example, is such a dis- 
ease, and, because of its complexity and prevalence, is discussed 
separately. 


Methods of examination include ophthalmoscopy, fluorescein an- 
giography, fluorophotometry, and histology. Simple ophthalmoscopy is 
often sufficient to detect breakdown of the I-BRB. When severe, 
loss of vascular competence in the retina is manifested by hemor- 
rhages, perivascular sheathing, and dense collections of exudates 
and edema fluid. When moderate, vascular incompetence may require 
fluorescein angiography for the detection of staining, leaking, and 
pooling of dye. When mild, breakdown of the I-BRB may be detectable 
only by vitreous fluorophotometry~ or by microscopic tracer techni- 
ques, such as electron microscopic visualization of horseradish per- 
oxidase or other markers. 
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Extension, without rupture, of the retinal vascular endothelium 
can be sufficient to render the I-BRB incompetent. If the process 
involves a large number of vascular tributaries, considerable re- 
tinal dysfunction can occur, with edema, hemorrhage, and even neo- 
vascularization. If the process is localized to one or only a few 
vascular segments, visual disability is unlikely to occur, unless 
the macular region is involved by edema, exudates, or hemorrhage, 
or by associated ischemia or tractional distortion. 


Stretching of the endothelial membrane occurs in two major 
forms: traction from without and distention from within. Examples 
of the former include premacular fibrosis and vitreous tug syndromes. 
Examples of the latter include retinal macroaneurysms, both central 
and branch vein occlusion, and hypertensive retinopathy. 


A. Traction from Without 


Premacular fibrosis. Also known as cellophane maculopathy, 
surface wrinkling retinopathy, epiretinal membrane formation, or 
contraction of the internal limiting membrane, premacular fibrosis 
is usually acquired in older life and is usually idiopathic. Simi- 
lar processes occur in the form of congenital preretinal fibrosis, 
macular pucker associated with retinal detachment, subretinal fibro- 
sis, and reaction to photocoagulation, trauma, inflammation, or re- 
tinal vein obstruction. ? Ophthalmoscopically, one observes a glis- 
tening, watered silk fundus reflex, often with minimal but definite 
tortuosity of the surrounding vessels. The vessels may also be ab- 
normally straightened (Fig. 1). The macula is the most common area 
of the posterior pole to be affected. As contracture of the pre- 
retinal tissue proceeds, traction lines may become more obvious. 
Connections between the contracting tissue and the vitreous are al- 
most never observed. Ultrastructural studies* have shown retinal 
glial cells migrating onto the anterior surface of the retina through 
breaks in the internal limiting lamina. 


Over a prolonged period of time, intraretinal edema and, occa- 
sionally, even small hemorrhages and microaneurysms appear, because 
of localized traction on small retinal vessels. The leakage respon- 
sible for macular edema may not be seen angiographically, presumably 
because the rate and amount of leakage are below the resolving capa- 
city of the angiographic system. On other occasions, however, re- 
tinal capillary leakage is easily documented angiographically (Fig. 
lye 


There is no known effective treatment, but, possibly for those 
cases characterized by a marked reduction of central acuity, surgical 
stripping of some membranes might be considered. Interestingly, 
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Fig. 1A. Premacular fibrosis of left eye (red-free view in 1974). 
Note straightening and temporal dragging of papillomacular vessels 
(arrows). 


Fig. 1B. Venous phase of angiogram in 1974 shows minimal leakage 
from papillomacular vessels (arrows; cf Fig. 1D). 
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Fie sslC. Premacular fibrosis in’ 1979° “Leakage i= noted in-early 
venous phase of angiogram. 


Fig. 1D. Late venous phase of angiogram in 1979 shows marked leakage 
(ie Wales IIB). 
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Spontaneous peeling of such membranes has_been observed, especially 
after peripheral fundus photocoagulation. 


Vitreous tug syndromes. Localized tugging of vitreous on the 
macula has been implicated "in a small percentage of eyes"°*’ having 
cystoid macular edema (CME) after cataract extraction. It should be 
emphasized that most eyes with CME do not have actual adherence of 
the vitreous to the macula. Yet, there exists, nonetheless, a speci- 
fic syndrome of localized vitreomacular tugging, occurring in other- 
wise normal-appearing eyes (either with or without surgical aphakia). 
The syndrome is characterized by focal, minimal leakage of fluore- 
scein and moderate to severe, although sometimes transient, reduc- 
tion of visual acuity (Fig. 2). In such cases, careful biomicro- 
scopy, with fine resolution and high magnification, is necessary to 
detect the vitreomacular adhesion and traction. Pigment epithelial 
leakage is the major source for macular edema, but retinal capillar- 
ies may leak as well. 


B. Distention from Within 

Retinal macroaneurysms. These localized vascular outpouchings 
of arteriolar walls should be distinguished from two other aneurysmal 
disorders of the retinal vasculature; namely, capillary microaneu- 
rysms (seen in a large variety of diseases, including diabetic back- 
ground retinopathy) and large aneurysms of venous radicles (observed 
following occlusion of retinal veins). 


Macroaneurysms generally affect the main retinal arterioles with- 
in the first three orders of bifurcation. Patients are usually elder- 
ly with systemic hypertension and generalized arteriosclerotic vascu- 
lar disease. Similar aneurysms may simultaneously affect the cerebral 
circulation. Macroaneurysms occur without pathologic sequelae or, if 
stretching of the endothelium is severe enough, may actually cause 
rupture and hemorrhage into the vitreous, retina, or subretinal space® 
(Fig. 3A and B). In less severely affected aneurysms, fluorescein an- 
giography shows staining of the aneurysmal wall, often with late leak- 
age of dye into the retina. The centrifugal flow of plasmoid fluid 
away from the macroaneurysm frequently results in heavy deposits of 
circularly arranged, hard, lipid-like exudates (Fig. 3C and D), which 
may involve the macula through contiguous spread, or which may be so 
extensive that they suggest an adult Coats-like syndrome. The center 
of the macula may also become involved by an area of perifoveal ca- 
pillary leakage that is geographically separate from the macroaneu- 
rysm. This intramacular leakage may directly contribute to accumula- 
tion of macular lipid or edema. 


The phenomenon of an extramacular vascular anomaly giving rise to 
deposition of intramacular lipid is more well known and occurs with, 
for example, Coats' disease and von Hippel-Lindau disease. An occult 
migration of lipid-containing plasma from the peripheral vascular le- 
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Fig. 2A. Vitreous tug syndrome (red-free view; no definite 
ophthalmoscopic abnormalities are seen); (cf Figs. 2B and 2C). 


Fig. 2B. Early venous phase of angiogram shows small area of 
leakage at site of vitreo-macular adherence (arrow). 
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Fig. 2C. Later venous phase of angiogram shows slight increase in 
hyperfluorescence. The pigment epithelium appears to be a major 
source for the leakage. Capillaries may also contribute. 


Fig. 2D. Late venous phase of angiogram (obtained 8 weeks after 
Fig. 2A-C) shows no leakage following spontaneous detachment of 
posterior hyaloid from macula. 
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Fig. 3A. Arteriolar macroaneurysm (arrow) with surrounding hematoma 
(red-free view). 


Fig. 3B. Venous phase of angiogram shows staining of aneurysmal wall 
and slight peri-aneurysmal leakage. 
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Fig. 3C. Arteriolar macroaneurysm (arrow) with surrounding hard 
exudates (red-free view). 


Fig. 3D. Venous phase of angiogram shows staining of macroaneurysm 
and leakage into surrounding retina. 
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sion into the macula has often been inyoked to explain the preferen- 
tial involvement of the macula in these disorders. Because intrama- 
macular capillary abnormalities have been observed not only in asso- 
ciation with macroaneurysms but also in von Hippel-Lindau disease, 

it is reasonable to suggest that the macular lipid so often observed 
in association with peripheral vascular anomalies may, in at least 
some cases and at least partially, originate from local, intramacular 
capillary lesions. Why these capillaries leak is presently unknown. 


Therapeutic obliteration of macroaneurysms is uncommonly re- 
quired, because macular lipid accumulation may not occur, because 
gross disruption of the I-BRB in the form of hemorrhage is relatively 
uncommon, and because thromboses and involution may ensue spontaneous— 
ly. Therapy by photocoagulation should probably be instituted when 
exudates involve or when hemorrhage threatens the visual axis. 


Retinal vein occlusion. Branch retinal vein occlusion (BRVO), 
a common disabling human OBO a er) has been widely studied in both 
clinicall0-13 ana experimentalt Ce settings. 


The pathogenesis of BRVO varies, but many patients have evidence 
of arteriosclerosis and systemic hypertension. | The importance of 
retinal arteriovenous crossings cannot be overemphasized, and the 
great number of these anatomic configurations in the superotemporal 
quadrant probably explains the disproportionately high incidence of 
BRVOs occurring in this location. The proximity of BRVOs to the 
macula accounts for frequent damage to this vital structure, through 
mechanisms of edema, hemorrhage, ischemia, or traction. It is note- 
worthy that almost 50% of patients with BRVOs have final visual acuity 
of 20/50 or less.+ 


Fluorescein angiography is invaluable in understanding the course 
of clinical events in BRVO (Fig. 4A and B). Diffuse intraretinal 
leakage of dye is the hallmark of this disorder. Evidence of capil- 
lary nonperfusion is also commonly present and may foretell the de- 
velopment of preretinal neovascularization, with even a worse break- 
down of the I-BRB. 


Archer et altt classified human cases of different severity into 
four categories: (1) those having unimpaired arterial perfusion with 
competence of the microvasculature's BRB; (2) those having unimpaired 
arterial perfusion but breakdown of the BRB; (3) those having either 
focal or extensive areas of impaired arterial perfusion and, also, 
incompetence of the BRB; and (4) those having particularly severe 
arterial insufficiency with areas of surrounding breakdown of the 
BRB. Retention of recovery of visual acuity depends, in less severe- 
ly affected groups, on either absence of or recovery from the macular 
edema that is a direct consequence of an incompetent I-BRB. Mecha- 
nisms of repair of the I-BRB are very poorly understood. In the more 
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Fig. 4A. Branch retinal vein occlusion with innumerable hemorrhages 
(red-free view). 


Fig. 4B. Early venous phase of angiogram shows fluorescein emanating 
from venous radicles. 
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severely affected groups, loss of vision is related to ischemia of 
the macula or induced neovascularization, with its complications of 
vitreous hemmorrhage, retinal traction, or retinal detachment. 


In addition to demonstrating capillary leakage and nonperfusion, 
fluorescein angiography may highlight the precise point of venous ob- 
struction as a localized area Qiayy ey wore peepee associated with 
focal breakdown of the I-BRB. ~’ Low-velocity collaterals and mi- 
croaneurysms often develop, and these, as well as venous segments 
traversing ischemic retinal zones, may show fluorescent staining of 
their walls and minimal to moderate perivascular leakage. Transuda- 
tion, if pronounced, causes CME, and may, if particularly severe, 
cause serous detachment of the macula. Circinate retinopathy may 
also occur, possibly because of chronicity of the leakage or possibly 
because of a difference in the size of leaking sites. 


Elimination of both macular edema and preretinal neovasculariza- 
tion constitutes the major therapeutic goal. Evidence for the effi- 
cacy of photocoagulation in eliminating neovascularization is wide- 
spread, although the mechanism of this treatment is poorly understood. 
As yet, no definitive evidence exists that photocoagulation or any 
other therapeutic modality can predictably eliminate macular edema 
and preserve or improve visual acuity. To this end, a collaborative, 
prospective, randomized photocoagulation trial is currently underway 
in the United States. 


The acute features of human BRVO have been simulated in monkeys 
by experimental occlusion of one or more retinal veins.14,15 Within 
minutes of venous occlusion, venous dilation, delayed filling of the 
adjacent artery, and delayed emptying of the occluded vein occurred. 
The dependent venous and capillary radicles showed an increase in per- 
meability and leakage of dye that took place primarily from the venu- 
lar ends of the capillaries. During the subsequent weeks, there were 
secondary arterial and venous changes, including leakage of dye from 
those veins and arteries crossing hypoxic zones of ischemic retina. 


Light and electron microscopic studies of these experimentally 
occluded vessels indicated that the rapid, almost immediate onset of 
increased capillary permeability was purely functional, and that no 
structural damage to the capillary wall could be identified. Although 
morphologic sites of leakage or rupture could not be identified anato- 
mically, some erythrocytes were seen lodged between the capillary en- 
dothelium and its basement membrane. Other extraluminal blood cells 
were found adjacent to apparently normal capillaries. Hockley et al 
speculated that initial leakage probably occurred through temporarily 
disrupted endothelial junctions (intercellularly) or through rapidly 
repaired areas of focal capillary "rhexis."15 They also postulated 
increased activity of endothelial pinocytotic vesicles. 
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An alternative or additional, and possibly more attractive, spec- 
ulation for the leakage would involve transcytoplasmic intracellular 
passage of red blood cells and presumably plasma as well, because 
junctional complexes between retinal endothelial cells seem remark- 
ably resistant to disruption. Ample studies of endothelia from a 
wide variety of vascular and lymphatic tissues have shown that direct 
transcytoplasmic endothelial passage of both white and red blood cells 
can occur without actual rupture (rhexis) and without leaving any 
ultrastructural evidence of membrane bound vacuoles or of_ damage to 
the endothelial cells whose cytoplasm has been traversed. 


In the monkey studies cited, endothelial damage was documented 
microscopically only after about six hours. Eventually, if the pro- 
cess progressed, there was complete loss of capillary endothelial 
cells and pericytes. Glial cells, growing into acellular capillary 
tubes, effected permanent capillary closure in the most severe in- 
stances. 


One is forced to conclude from the available evidence that the 
precise mechanism underlying early incompetence of the I-BRB in BRVO 
is still unknown. Nonetheless, it is clear that outflow obstruction 
causes a rise in intraluminal pressure, which, in turn, produces re- 
tinal edema and even hemorrhage. Stagnant flow then causes hypoxia 
and overt damage to endothelial cells, leading to additional loss of 
both formed and unformed elements of the blood. As intraluminal 
viscosity rises, flow is reduced further, until complete shutdown 
occurs with necrosis of the entire capillary wall. This course of 
events has been called a "progressive ischemic capillaropathy. ‘16 


Central retinal vein occlusions. Considerable controversy 
attends the pathosenerss of central retinal vein occlusion 
(cRVvO) 16, 19- 1 (Fig. 5A and B) and the putative role of arterial is- 
chemia in the production of typical fundus lesions. This forum will 
be used not to settle this controversy but to illustrate an aneurysmal 
variant that we have observed in long-standing cases of CRVO as well 
as BRVO (Fig. 6). In distinction to macroaneurysms of the retinal 
arteries and classic microaneurysms of the retinal capillaries, these 
large postocclusive aneurysms are found at or near the end of small 
venous radicles. They appear to be the result of increased hydro- 
static pressure within the lumina of small venous vessels. 


To choose an appropriate name for these lesions is difficult 
in view of existing terminology, but they are conveniently called 
large microaneurysms or macro-microaneurysms. Fluorescein angio- 
graphy reveals these lesions to be considerably larger than microan- 
eurysms and approximately the same size or slightly smaller than ma- 
croaneurysms. They are associated with considerable breakdown of the 
I-BRB and thus may cause extensive circinate retinopathy. In this 
respect, they resemble the classic forms of both arteriolar macro- 


322 MORTON F. GOLDBERG 


Fig. 5A. Central retinal vein occlusion long after resolution of 
hemorrhagic stage (red-free view). Note sheathed, dilated and 
tortuous veins (arrows; cf Fig. 5B). 


Fig. 5B. Late venous phase of angiogram shows staining of and 
perivascular leakage from retinal veins (cf Fig. 5A). Diffuse, 
irregular staining of macula is also present. 
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Fig. 6A. Post-occlusive venous macro-microaneurysms (red-free view). 
Note circinate retinopathy (courtesy of Lee Jampol, M.D.). 


Fig. 6B. Arterial phase of angiogram. Macro-microaneurysms have not 
yet filled. 
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Fig. 6C. Mid-venous phase of angiogram shows early filling of 
macro-microaneurysms. 


‘ 


Fig. 6D. Late venous phase of angiogram shows peri-aneurysmal 
staining. 
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aneurysms and capillary microaneurysms. Obliteration of these leaking 
aneurysms can be effected by photocoagulation if the macula is threat- 
ened by edema or the encroachment of hard exudates. 


Hypertensive retinopathy. This disorder has considerable impor- 
tance, because breakdown of the I-BRB and ultimate closure of retinal 
arterioles have prognostic implications for the life of the patient. 
Forty years ago, Keith, Wagener, and Barker pointed out that 90% of 
patients with malignant hypertension would be dead within one year 
of diagnosis, if therapy were not instituted. Because retinopathy 
is often an early sign of an impending malignant phase of the hyper- 


tension, 224 an understanding of its pathogenesis is clearly desir- 
able. 


This problem has been studied experimentally in the monkey, using 
the Goldblatt model of renal hypertension. The earliest and most 
characteristic abnormality was the presence of profusely leaking punc- 
tate spots on arteries and terminal arterioles, both on the disc and 
elsewhere in the retina (Fig. 7A). Arteriolar and capillary closure 
as well as leakage occurred in areas of cotton wool spots. These 
findings have also been observed in hypertensive humans. Diffuse 
leakiness (Fig. 7B) may also occur. Insudation of lipohyaline mate- 
rial was microscopically detected in the walls of precapillary arteri- 
oles. This abnormal material resulted in displacement or replacement 
of the smooth muscle cells. Except for the appearance of occasional 
arterioles with extensive necrosis, where breaks within endothelial 
cell' cytoplasm were found, there was no obvious explanation for the 
pathogenesis of the plasma insudation. 


As in the analogous experimental studies of BRVO (see above), 
the precise mechanism for passage of plasma and blood cells across 
the vascular endothelium (in this case, that of the arteriole) re- 
mains unexplained. As in experimentally produced BRVO, disruptions 
of the (arteriolar) intercellular junctions were rare, as were breaks 
in the nonjunctional endothelial cytoplasm. Thus, an explanation for 
many of the arteriolar leaking spots observed with fluorescein angio- 
graphy is missing, and there currently is insufficient evidence to 
choose among the possibilities of increased pinocytosis, disrupted 
intercellular junctions (although they appeared remarkably normal), 
intimal degeneration or necrosis, and so on. In the case of capil- 
laries, extremely focal necrosis and degeneration involving single 
endothelial cells were occasionally observed in the presence of an 
otherwise intact vascular lining. 


Garner et al proposed a sequence of events beginning with arteri- 
olar constriction, which is thought to be an autoregulatory compen- 
sation for increased intraluminal pressure. 2 This constriction may 
result in occlusion of precapillary arterioles and necrosis of vas- 
cular smooth muscle. The endothelium appears normal at this stage. 
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Fig. 7A. Systemic hypertension. Note punctate hyperfluorescence 
(arrows); (courtesy of Lee Jampol, M.D.). 


Fig. 7B. Systemic hypertension. Note diffuse leakage from disc and 
smaller retinal vessels. Serous detachment of macula is also 
present. 
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Secondly, dilation of constricted arterioles is thought to ensue, 
because of weakening of the arteriolar wall, with insudation of 
plasma through defective (? stretched) endothelium into the unsup- 
ported arteriolar wall. This stage is characterized by the leaking 
points observed on fluorescein angiography. Finally, progressive 
plasma insudation and additional muscle necrosis are thought to even- 
tuate in further vascular occlusion and the typical picture of fibri- 
noid necrosis, with mural infiltration of plasma and fibrin. The 
ischemic and, thus, hypoxic events that develop appear to have a pro- 
found additive effect on the ongoing breakdown of the I-BRB. 


C. Distention in the Absence of I-BRB Incompetence 


Simple distention of the vascular lumen does not invariably lead 
to breakdown of the I-BRB. Some arteriolar macroaneurysms do not 
leak, for example. Cavernous hemangioma and arteriovenous communi- 
cations (cirsoid or racemose aneurysm) of the retina? are two other 
examples. It would presumably aid the understanding of the diseases 
characterized by disturbed permeability if one could explain why the 
I-BRB remains intact (or regains its competence) in these and some 
other retinal vasculopathies. Rapidity of distention and level of 
intraluminal pressure are presumably important factors. 


ik, — TeRC2XOpaT/N 
A. Decreased Oxygenation 


Reduction of oxygen content within retinal vessels can, if it 
is sufficiently severe, produce incompetence of the I-BRB. Retinal 
hemorrhages in severely anemic patients, in carbon monoxide poison- 
ing, and in healthy mountain climbers at high altitudes are attri- 
buted to this pathogenesis. Reduction of oxygen content may be even 
more profound focally, and localized zones of retinal hypoxia may con- 
tribute substantially to breakdown of the I-BRB in segments of ves-— 
sels found in proximity to such hypoxic areas. In BRVO, and in dia- 
betic retinopathy, for example, it has been noted that both arteries 
and veins may show staining of only those segments that traverse 
localized hypoxic zones of retina. When the zones of hypoxia are 
broader, either in BRVO or in CRVO, incompetence of the I-BRB may 
be so extensive that massive erythrocytic extravasation occurs, re- 
sulting in a "blood and thunder" ophthalmoscopic appearance. 2 


B. Emboli 


Embolic events involving the retinal vasculature may irreversibly 
reduce retinal function because of ischemic infarction. During the 
evolution of retinal branch arteriole occlusion, for example, an in- 
teresting pattern of hyperfluorescent beads may be seen along or at 
the ends of embolized arteriolar branches (Fig. 8).“"? This pat- 
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Fig. 8A. Embolic maculopathy in sickle cell anemia. Hyperfluorescent 
"beads" are seen at ends of occluded arterioles (arrows). Reprinted 
Frome Reb «27 


Fig. 8B. Two weeks after Fig. 8A was obtained, 2 hyperfluorescent 
areas appear on small arterioles where earlier angiogram showed 
filling defects (cf Fig. 8A). Distal arteriolar segments do not leak. 
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tern may take two forms. In the first,28 there is simply a pooling 
of dye in a plasma lake between two stationary columns of blood. The 
arterial wall in this location is slightly stained, indicating some 
decompensation of the I-BRB. In the second,2/ there is more intense 
focal staining of the arteriolar wall with some perivascular leakage 
of dye occurring either at the site of total obstruction or at the 
site of a previously occluded arteriole whose embolus has fragmented 
and moved downstream (Fig. 8B). In both situations, damage to the 
vascular endothelium at the site of embolization has occurred, pre- 
sumably from local hypoxia, but possibly from other mechanisms as 
well. The latter form of hyperfluorescence has been observed clini- 
cally in sickle cell anemia and in intravenous drug abusers as 

well as experimentally in pare whose eyes have been subjected to 
microsphere embolization. 3 Electron microscopy of these embolized 
pig retinas failed to show specific, early defects in the endothelium, 
other than ill-defined shrinkage, condensation, and degeneration of 
endothelial cells. 


It is of great interest that long distal segments of formerly 
obstructed retinal arterioles characteristically do not show fluo- 
rescein leakage once flow returns (Fig. 8B) ,2/> 0 perhaps because 
intraluminal pressure is insufficient to overcome even a defective 
I-BRB; 2 because the endothelial barrier recovers fully; or because 
the endothelium is relatively resistant to hypoxia, except where 
locally damaged by an embolus or thrombus. Conversely, only minimal 
or moderate hypoxia can result in marked fluorescein leakage across 
a relatively long segment of defective vascular endothelium, if an 
increase in intraluminal pressure is also present. Thus, these two 
pathogenic events--hypoxia and stretching (see above)--appear to 
have additive, deleterious effects on the I-BRB, which generally 
appear greater than those due to either process alone. Hypoxia also 
seems to exacerbate the effects of a variety of chemical mediators, 
which ordinarily have only a minimal decompensatory influence on the 
I-BRB. 1,31 


Breakdown of the I-BRB under hypoxic circumstances is generally 
reversible, once the underlying cause is eliminated, but vision may 
not return if ischemic infarction of the macula has occurred. 


III. METABOLIC (CHEMICAL, PHYSIOLOGIC, AND PHARMACOLOGIC) ALTERATIONS 


It should be obvious that many clinical disorders of the retinal 
vasculature (and their appropriate therapies) are modulated by the 
physicochemical and physiological properties of the endothelial bar- 
rier. Wonetheless, profound ignorance pervades our understanding of 
both normal and abnormal mediators of the I-BRB function. Fundamental 
understanding of carrier-mediated transport along the retinal vascular 
endothelium, for example, is severely limited. 
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Studies to date have shown that the I-BRB is remarkably resist- 
ant to disruption, even by such strong chemical mgdiators as hista- 
mine, serotonin, and selected prostaglandins. ’ Interestingly, 
if the _I-BRB is subjected to prostaglandins plus simultaneoug,is- 
chemia~ or to large, nonphysiologic doses of prostaglandins, mas— 
sive breakdown of the barrier function can be easily achieved. 
Marked leakage of fluorescein, retinal hemorrhage, and even exu- 
dative retinal detachment have occurred in rabbit eyes subjected to 
intravitreal injections of a,Jarge variety of prostaglandins. Lim- 
ited ultrastructural studies have shown absence of endothelial 
cells in some areas, cytoplasmic degeneration of residual cells, 
and apparent loss of continuity of intercellular junctions. These 
effects may be entirely nonspecific, in view of the heavy dosages 
employed. 


A pharmacotoxic effect on the macular vasculature has been 
demonstrated for topically applied epinephrine, which, on occasion, 
can cause visually symptomatic CME in aphakic eyes. 3° Nicotinic 
acid may cause a similar maculopathy. The incidence and pathogenesis 
of these conditions are unknown. 


Sustained, extensive investigative efforts are clearly needed 
in these important areas. 


IV. INFLAMMATION 


Inflammatory processes generally result in a dramatic increase 
of permeability in affected vessels. Ultrastructural studies of in- 
flammation in nonocular tissues have shown that intercellular junc- 
tions are most prone to etepaetion in venules; those of capillaries 
remain remarkably intact.34»35 Similar studies have not been done in 
the human retina, but both infectious and noninfectious inflammatory 
processes are known to result in either widespread or localized 
breakdown of the I-BRB. The pathogeneses are largely unknown, but 
may involve toxins, enzymes, immune complex deposition, and so on. 
Angiography reveals that the process along the endothelial membrane 
can involve all elements of the vascular tree or can actually be con- 
fined to either the capillaries, the arterioles, or the venules 


A. Infectious Processes 


In the case of infectious diseases, the extravascular passage 
of both plasma and blood cells is often so extensive that sheathing 
of larger vessels becomes ophthalmoscopically visible. In less se- 
vere cases, fluorescein angiography is required to show the permea- 
bility abnormality. Protozoans, viruses, bacteria, and fungi are 
all known to render the I-BRB dysfunctional. 


Toxoplasma. In toxoplasmic retinochoroiditis, individual medium- 
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sized vessels may demonstrate sheathing and, in quiescent phases, 
perivascular pigmentation. These vascular changes are not as char- 
acteristic as the necrotizing patches of retinochoroiditis that typify 
toxoplasmosis, but occur in about 3.5% or more of cases. 


Cytomegalovirus. Viral infection of the retina may also cause 
either diffuse or localized vasculitis (Fig. 9). Cytomegalic in- 
clusion disease, for example, is characterized initially by whitish 
patches of retinal necrosis associated with extensive sheathing of 
adjacent arterioles and venules. 3/ With time, confluent and exten- 
sive patches of retinal hemorrhage occur. The ophthalmoscopic ap- 
pearance may then simulate a BRVO. Histologic studies have confirmed 
the presence of cytomegalic inclusion bodies in retinal vascular en- 
dothelial cells, and it has been postulated that this endothelial 
involvement provides a source for new, distant foci of retinal in- 
fection. Desquamation of arteriolar endothelial cells apparently 
also results in subendothelial hemorrhage and accumulations of sero- 
fibrinous material that are thought by de Venecia et al to narrow 
further the blood column and cause an ophthalmoscopically visible 
white, cord-like appearance. The vaso-occlusive process may be se- 
vere enough to cause branch retinal artery occlusion. 3 


Herpes viruses. Herpes simplex virus? may cause extensive 
hemorrhagic necrosis of the retina with occlusions of major peripa- 
pillary vessels. These vessels have been histologically shown to 
have fibrinoid necrosis and obstruction of their lumina by endothelial 
cells and debris. 49 


Microscopic studies of herpes zoster ophthalmicus er also 
shown dramatic evidence of vasculitis and perivasculitis, and 
clinical studies have yielded evidence of retinal arteriolitis. 42 
Bacteria and fungi. Bacterial and fungal endophthalmitis have 
a particularly devastating effect on the integrity of the I-BRB. 
Torrential outpouring of white cells can completely obscure the in- 
volved vessels' blood columns, and simulate total vascular occlusion. 
A variety of proteolytic enzymes, toxins, chemotactic agents, and 
other vasoactive substances presumably participate in this florid 
reaction to the presence of microorganisms near or in the retina. 


Tuberculosis. Tuberculous infection causes a less immediate 
effect on the retinal blood vessels than do pyogenic organisms, but 
the ultimate consequences may include local vascular occlusion, re- 
tinitis proliferans, vitreous hemorrhage, and retinal detachment 
(Fig. 10). Although the terms Eales’ disease and retinal vasculitis 
were once considered synonymous, recent opinions suggest that Eales' 
disease is an idiopathic, possibly heterogeneous disease with clo- 
sure of the peripheral retinal vasculature (and attendent complica- 
tions). 43 Nonetheless, in the older literature histologic documen- 
tation can be found for the presence of tubercle bacilli around 


332 MORTON F. GOLDBERG 


Fig. 9. Cytomegalic inclusion disease. Note widespread breakdown 
of I-BRB (courtesy of Lee Jampol, M.D.). 


Fig. 10. Retinal phlebitis in patient with pulmonary tuberculosis. 
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some affected retinal veins. 44 


Syphilis. Syphilitic infection of the retinal blood vessels 
ranges from gummatous involvement to a relatively benign condition 
known as retinal periarteritis > or segmental periarteritis. In this 
latter condition, ophthalmoscopically visible lesions include yellow 
refractile deposits along the arteriolar tree (Fig. 11). Angiography 
shows no interference with arteriolar flow and no intraluminal fil- 
ling defects or mural staining. These findings suggest that the ab- 
normalities predominately affect the outer aspect of the arteriolar 
wall, rather than its endothelium, and that the I-BRB is compromised 
to a minimal extent, if at all (at least in the healed, quiescent 
phase of this disorder). Syphilis has also been implicated in the 
causation of CME, with typical leakage from perifoveal capillaries. 46 


B. Noninfectious Processes 


Occlusive retinal arteriolitis. As in the case of syphilitic 
periarteritis, preferential inflammation of the arteriolar wall 9c- 
curs in a rare disorder known as occlusive retinal arteriolitis. 

The etiology is unknown. Ophthalmoscopic examination shows segmental 
periarteriolar sheathing and cuffing (Fig. 12). Angiography reveals 
occlusion of arterioles with mural staining and leakage. Neovascu- 
larization may ensue. 


Phlebitis. Phlebitis of the retinal vasculature is observed 
as a manifestation of ocular sarcoidosis, as an isolated disorder, 
or in association with retinal panvasculitis that involves all com- 
ponents of the vascular tree. Ophthalmoscopic and angiographic evi- 
dence indicates variable degrees of transmural leakage of plasma and 
blood cells into the surrounding retinal tissue. 


43 


Panvasculitis. The clinical entities responsible for retinal 
panvasculitis, of which Behcet's disease is a good example, 9 are 
generally idiopathic. In some parts of the world, such as Japan, 
Behcet's disease is responsible for disabling a relatively large 
percentage of the population because of its ocular effects. 


Pars planitis. A reasonably discrete (though probably hetero- 
geneous) clinical entity responsible for widespread, low-grade break- 
down of the I-BRB is pars planitis, sometimes called vitritis, peri- 
pheral uveitis, or chronic cyclitis.51,52 Pars planitis is charac- 
terized by cloudy white deposits in the inferior vitreous, a densely 
cellular vitreous, disc edema, CME, and widespread retinal vascular 
leakage (Fig. 13). The blood components entering the vitreous com- 
partment presumably shift slowly downward through the vitreous gel, 
gravitationally settling in the inferior fundus. Some cases that 
show circumferential involvement of the entire pars plana have been 
invoked as evidence against the gravitational theory. 
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Fig. 11A. Syphilitic periarteritis (red-free view); reprinted from 
Reto 


Fig. 11B. Angiography of syphilitic periarteritis. No breakdown of 
I-BRB and no filling defects are seen in quiescent stage of 
disease. 
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Fig. 12A. Occlusive retinal arteriolitis (red-free view); reprinted 
from Ref. 47. 


Fig. 12B. Angiogram of occlusive retinal arteriolitis shows leakage 
from disc and arterioles. 
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Fig. 13A. Pars planitis and cystoid macular edema, before therapy 
(late venous phase of angiogram). 


Fig. 13B. Pars planitis and cystoid macular edema, before therapy 
(very late venous phase of angiogram). 
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Fig. 13C. One month of corticosteroid therapy is followed by 
resolution of fluorescein leakage (very late venous phase of 
angiogram; cf Fig. 13B). 


Fig. 13D. One year after Figs. 13A-C, mild recurrence of fluorescein 
leakage has occurred. 
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These abnormalities occur chronically in relatively young in- 
dividuals, who, generally, with some exceptions noted below, appear 
systemically healthy. In some cases, particularly in England, there 
is an association of retinitis pigmentosa and also demyelinating 
disease with pars planitis. Interestingly, perivascular sheathing, 
without evidence of pars plana involvement or vitreous cloudbanks, 
has been repeatedly observed in the United States in patients with 
multiple sclerosis. 


Whatever its mechanism and whatever its associated diseases, 
pars planitis is characterized by widespread leakiness of the re- 
tinal vasculature. Venules histologically show round cell infiltra- 
tion and cuffing.>3 Arterioles are often spared. The capillary bed 
seems invariably to be affected, even when involvement of larger 
vessels is either barely visible or not detectable at all by angio- 
graphic techniques. Cystoid macular edema is extremely common. 


Such cases usually smolder for years. They occasionally re- 
spond to corticosteroid therapy, whereupon leaking of the capil- 
laries is reduced (Fig. 13A-C). However, the therapy is usually not 
dramatically effective, and pharmacologic side effects, such as 
cataract or glaucoma, often supervene. 


Cystoid macular edema. Cystoid macular edema from chronically 
incompetent perifoveal capillaries not only characterizes pars 
planitis, but also complicates an enormous array of other ocular 
disorders, whose primary effects may be in either the anterior or 
the posterior segment of the eye.>4 CME is even inherited as an 
isolated dominant trait? (Fig. 14). Whatever the etiology, low- 
grade, chronic leakage through the walls of the involved capillaries 
results in pooling of plasmoid fluid in the macular parenchyma, giv- 
ing rise to a characteristic, though generally nonspecific, petaloid 
appearance. Breakdown of the outer BRB in the posterior pole may 
cause a similar clinical appearance. 


The anatomic arrangement of the outer plexiform layer, the 
large number of capillaries, and possibly the poor development of 
the internal limiting lamina in the macular region may all contri- 
bute to the ability of this retinal region to swell and accumulate 
a large volume of extravascular fluid. If distention of the cystoid 
spaces is severe or chronic enough, lamellar and full-thickness ma- 
cular holes can result. 


From an epidemiologic perspective, CME must be considered one 
of the commonest problems affecting the ophthalmic population, be- 
cause it complicates so many different disorders, including routine, 
uncomplicated cataract extraction (the Irvine-Gass syndrome) , 2655 
and because there is no currently accepted, reliable therapeutic re- 
gimen. Preliminary evidence, largely from Japan, suggests that a 
regimen of antiprostaglandin therapy may minimize the breakdown of 
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Fig. 14A. Pedigree of family with dominant cystoid macular edema; 
Beprincted sihroneRe temo). 


Fig. 14B. Dominant cystoid macular edema (red-free view). 
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Fig. 14C. Dominant cystoid macular edema (early venous phase of 
angiogram). 


Fig. 14D. Dominant cystoid macular edema (late venous phase of 
angiogram). 
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the vascular barrier. 28 
V. TAPETORETINAL DYSTROPHIES AND RETINOSCHISIS 


A fascinating, enigmatic breakdown of the I-BRB has been ob- 
served in a variety of tapetoretinal dystrophies. The proposed 
pathogeneses of these disorders have generally emphasized the photo- 
receptors and retinal pigment epithelium and have excluded the re- 
tinal vasculature as the primarily affected tissue. Yet, evidence 
is accumulating to suggest that breakdown of the I-BRB may contri- 
bute to the characteristic fundus appearance in some of these dis- 
orders and may actually cause a reduction of visual acuity in others. 


A. Favre-Goldmann Syndrome 


In Favre-Goldmann syndrome diffuse, marked leakage from the 
retinal vasculature has been documented by fluorescein angiography 
in several patients >? (Fig. 15). Two types of breakdown of the 
I-BRB were noted. One was nonspecific CME, which appeared to con- 
tribute to the decreased visual acuity and which might have been 
responsible for the so-called macular schisis that has previously 
been reported in Favre-Goldmann syndrome. The other type of vas- 
cular incompetence was extensive capillary leakage in areas of ex- 
tramacular retinoschisis. Other vessels were totally nonperfused. 
At least two possible pathogenetic sequences can be envisioned in 
Favre-Goldmann syndrome: (1) the schitic process is primary, and 
leads to secondary vascular incompetence and/or occlusion, possibly 
due to kinking or traction on the vessels, or (2) the vascular in- 
competence (or occlusion) is primary, and fluid accumulating in the 
extravascular space causes the schitic cavities to form. With either 
of these courses of events, the relationship between the vascular 
occlusion and incompetence is unknown, and, as yet, the relation- 
ship between either of these courses of events to the photoreceptor 
and pigment epithelial disease is completely obscure. 


Retinal vascular leakage has also been demonstrated in another 
schitic disease, X-linked (juvenile) retinoschisis, by Green and 
Jampol. In this disorder, there is no electrophysiologic or other 
evidence implicating a primary disorder of the photoreceptors and 
the retinal pigment epithelium. Because scattered intraretinal 
fluorescein leakage and staining of vessel walls were observed in 
their patient with X-linked retinoschisis, even in clinically non- 
schitic portions of the retina, Green and Jampol suggested that the 
vascular incompetence might precede (and possibly cause) the retino- 
schisis. Alternatively, it was also considered possible, though un- 
likely, that the schitic process was primary and led to the vascular 
incompetence. 
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Fig. 15A. Favre-Goldmann syndrome. Early venous phase of angiogram 
shows leakage from retinal capillaries (arrows). 


Fig. 15B. Favre-Goldmann syndrome. Late venous phase of angiogram 
shows cystoid macular edema (arrows) and intense, widespread leakage 
throughout posterior pole (courtesy of Gerald Fishman, M.D.). 
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B. Retinitis Pigmentosa 


Fishman et al have found that 14.5% of 110 consecutive, pro- 
spectively studied patients with retinitis pigmentosa of different 
genetic types had angiographic evidence of cmME61 (Fig. 16). Bi- 
lateral foveal cysts or partial-thickness holes were noteworthy. All 
patients showed variable degrees of macular preretinal membranes and 
radial traction lines. These membranes may have contributed to the 
vascular abnormalities, or vice versa. Macular ischemia may also 
have contributed to the pathogenesis of the leakage or the membrane 
formation. In any event, the macular breakdown of the I-BRB appears 
responsible, at least in part, for loss of central vision in a dis- 
ease process customarily attributable to photoreceptor and pigment 
epithelial abnormalities. 


It is of interest that ffytche48 has also noted vascular in- 
competence in retinitis pigmentosa patients, some of whom apparently 
had such extensive leakage that the clinical picture of pars planitis 
developed (see above). 


Go SiherGarrier state 


Gieser et a1©2 have recently shown that female carriers of X- 
linked recessive retinitis pigmentosa had normal fluorescein angio- 
grams but abnormally high concentrations of vitreous fluorescein, 
as determined by fluorophotometry. Since retinal vascular abnor- 
malities could not be found, it was concluded that the fluorophoto- 
metric abnormality was probably due to a subclinical dysfunction of 
the retinal pigment epithelium. Some leaking from the retinal vas- 
cular tree, not detectable by angiography, may also have occurred. 


VI. TRAUMA 


Physical trauma of varied types is capable of inducing rapidly 
occurring incompetence of the retinal vascular endothelium. For- 
tunately, the I-BRB is usually capable of repairing its barrier func- 
tion, unless the damage is especially intense. How it does so is 
largely unknown. 


AV Radiataon 


Radiation retinopathy occurs after excessive exposure of the 
retina to external sources of radiation, including x-rays. Vaso- 
occlusion with subsequent formation of leaking microaneurysms and 
telangiectatic small vessels may contribute to reduction of central 
vision. 
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Fig. 16. Retinitis pigmentosa with cystoid macular edema (courtesy 
of Gerald Fishman, M.D.). 


Fig. 17. Argon laser coagulation of arterioles supplying peripheral 
neovascularization. Note leakage from both the traumatized 
arterioles (long arrows) and the retinal pigment epithelium (short 
arrow). 
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B. Photocoagulation 


Mild, diffuse photocoagulation burns can produce leakage, es- 
pecially from SAR oe even when little or no damage is detect- 
able ophthalmoscopically. If aimed directly at larger retinal 
blood vessels, argon laser and xenon arc photocoagulation can cause 
gross disruption of the vascular wall (Fig. 17). Fragmentation, 
cystoid degeneration, and necrosis of the wall are seen histologi- 
cally, along with pyknosis of endothelial cell nuclei.°”? 


With time, initial leakiness or even obstructed flow returns 
to normal, unless the initial insult was so intense that permanent 
obliteration of the lumen occurs. Restoration of the I-BRB, with 
absence of leakiness, is mirrored in the outer BRB by apparently 
similar repair mechanisms after photocoagulation of the retinal pig- 
ment epithelium. 


When photocoagulation is used therapeutically to obliterate 
vascular anomalies, such as retinal angiomatosis of the von Hippel- 
Lindau type (see below), the immediate transudation that occurs as 
the result of photic trauma is often so severe that massive serous 
detachment of the retina may develop over several hours. Although 
dramatic, this event usually corrects itself or responds to cortico- 
steroid therapy. 


C. Cryocoagulation and Diathermy 


As a result of thermal damage, both cryocoagulation and dia- 
thermy result in leakage of fluid, as well as cells, from retinal 
blood vessels. This breakdown of the I-BRB, like that following 
photocoagulation, is generally temporary and reversible. Because 
the surgical probes delivering thermal energy to the wall of the eye 
are held closer to the choroid than to the retina, leakage is most 
intense from the choroidal vasculature. 


VII. DEVELOPMENTAL VASCULAR ANOMALIES 


Marked disruption of the I-BRB characterizes several vascular 
anomalies, including Coats' disease and the von Hippel-Lindau syn- 
drome. 


A. Coats' Disease 


The hallmark of this striking clinical entity is a massive out- 
pouring of lipid-containing plasma products from abnormal telangiecta- 
tic and aneurysmal retinal vessels into the retina and subretinal 
space (Fig. 18). The disruption of the I-BRB is often so severe 
and so prolonged, especially in children, that the accumulated 
yellowish-white plasma products may cause a white pupillary reflex 
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Fig. 18. Coats' disease, demonstrating leaking aneurysms and 
telangiectases (arrows) and zones of capillary drop-out. 


Fig. 19. Von Hippel-Lindau angioma of the retina. 
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and simulate retinoblastoma. The presence of the anomalous retinal 
vessels facilitates the differential diagnosis. This idiopathic 
vascular anomaly may be localized to one retinal area, but tends to 
be slowly progressive. Occasionally, spontaneous regression occurs. /9 

When the plasma and lipid outpouring is minimal and the vascular 
malformation dominates the ophthalmoscopic appearance, the term Le- 
ber's miliary aneurysms is often used. / LG sydoubtiul that) Coats’ 
disease and Leber's miliary aneurysms are fundamentally distinct 
nosologic conditions, but the possibility remains that heterogeneity 
exists in this clinical spectrum. Even when the massive collection 
of lipid and plasma products does not occur in an individual patient, 
fluorescein angiography reveals widespread breakdown of the I-BRB. 
The telangiectases and aneurysms affecting arterioles, capillaries, 
and venules show leakage that may be mild to severe. 


The macula frequently accumulates yellow lipoidal material 
that has escaped from even remote portions of the retinal circula- 
tion. The reasons for the preferential involvement of the macula 
are unknown (see above). Nonetheless, the ophthalmoscopic detec- 
tion of intramacular lipid is so characteristic, particularly in an 
otherwise healthy child, that the entire fundus periphery should be 
carefully inspected for the presence of a vascular anomaly such as 
Coats' disease or von Hippel-Lindau disease (see below). Therapeu- 
tic obliteration of the peripheral vascular anomaly often results 
in disappearance of the macular lipid, with improvement in vision. 
Sometimes, however, a subretinal disciform nodule persists after the 
lipid is resorbed, with concomitant reduction in visual acuity. 


Histologically, there are intraretinal and subretinal choles- 
terol clefts and collections of lipid-filled macrophages. PAS- 
positive material is found in thickened vascular walls, due, pro- 
bably, to the presence of basement membrane-like material and blood 
components. 


Electron microscopy of a human case of Coats' disease by Tri- 
pathi and Ashton has shown the involved_vascular walls to be large- 
ly devoid of endothelium and pericytes.’ Where endothelium was pre- 
sent, it showed vacuolated cytoplasm, but intact intercellular junc- 
tions. The abnormal vessel walls were invariably infiltrated with 
fibrinous and plasmoid material, often including cellular debris. 

In some areas the fibrous walls were markedly thinned and even absent, 
so that the lumen was bordered only by basement membrane of sur- 
rounding glia. It appeared logical to Tripathi and Ashton that a 
vascular wall consisting of an acellular porous membrane would be- 
come telangiectatic or aneurysmal and would continuously leak copious 
quantities of plasma and occasional blood cells into the surrounding 
retina. They attributed the primary process to a defect in endo- 
thelial permeability, causing so-called plasmatic vasculosis, but 
were unable to identify the initial functional or structural 
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Tripathi and Ashton concluded that telangiectasia and aneurysmal 
dilations represented end stages of Coats' disease and not initiating 
events, which, they decided, had started in the endothelium. /2 ibe 
remains possible that the reverse sequence might more accurately 
characterize the pathogenesis; that is, a developmental aberration 
involving the nonendothelial components of the vascular wall might 
lead to telangiectases and aneurysms. The stretched endothelium, 
which was initially functional, would eventually decompensate and 
leak, given sufficient time or severity. The occurrence of Leber's 
miliary aneurysms, with prominent vascular abnormalities but minimal 
incompetence of the I-BRB, suggests possibly that breakdown of the 
endothelial barrier follows, rather than precedes, anatomic degener- 
ation of the vascular wall. Because an animal model for systematic 
study of this disorder is not available, knowledge of the precise se- 
quence of events awaits further clinicopathologic correlation. 


B. Von Hippel-Lindau Disease 


Von Hippel-Lindau disease is a dominantly inherited phakomato- 
sis characterized in the retina by hamartomatous development of angio- 
matous tumors. Although they show no angiographically detectable 
vascular incompetence when very small, the tumors tend to enlarge, 
and, in the process, characteristically demonstrate leakage of large 
amounts of intraluminal fluorescein into the perivascular spaces 
(Fig. 19). 


Absence of a normal I-BRB in von Hippel-Lindau retinal angiomas 
is characterized clinically not only by fluorescein leakage, /4 but 
also by exudative or hemorrhagic retinal detachments that occur either 
spontaneously or following therapeutic efforts at obliteration by 
photocoagulation, cryocoagulation, or scleral diathermy. 


Histologic and ultrastructural analysis of von Hippel-Lindau 
angiomas was reported by Nicholson et al./> They noted that the 
angiomatous nodules were composed of tortuous, large capillaries 
measuring 8 to 14y in diameter, lined by normal, flattened endothe- 
lium. Electron microscopy showed well-differentiated capillary 
ultrastructure with a normal, continuous endothelial lining and in- 
tercellular junctions. The capillary basement membrane and invest- 
ing pericytes were also normal morphologically. The appearance was 
consistent with that of a capillary hemangioma. 


The mechanism of fluorescein leakage is not fully understood, 
but may be attributed speculatively to functionally abnormal hamar- 
tomatous endothelium and also to coexistent new retinal vessels.? 
As the angiomas enlarge, shunting of arterial blood through the 
tumor mass sometimes occurs, and the exposure of the capillary en- 
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dothelium to a relatively increased hydrostatic pressure may also 
contribute to loss of competence of the I-BRB to fluorescein. 


In nonangiomatous portions of the retina (including the macula) 
capillary microaneurysms have been observed, and may be at least 
partially responsible for the formation of CME and lipoidal intra- 
macular deposits. In most cases, however, angiography has not 
shown vascular anomalies in the macula, but further angiographic 
and histologic studies are needed. 


VIII. PRERETINAL NEOVASCULARIZATION 


Two major forms of preretinal neovascularization occur: (1) 
that arising spontaneously, possibly as 2 Ggnecduence of retinal 
ischemia and hypoxia (Fig. 20 A and B); and (2) that “arising 
iatrogenically as a consequence of photocoagulation designed to 
obliterate pre-existing spontaneous neovascularization. 890 Both types 
contribute to vitreous syneresis and traction, because of constant, 
intense leaking of plasma contents into the vitreous gel. 


A. Preretinal Neovascularization 


Whatever the underlying ocular or systemic disease, the angio- 
graphic (or angioscopic) hallmark of preretinal neovascularization 
is profuse intravitreal leakage. This virtually invariable finding 
is highly useful in a variety of clinical settings. Diagnostically, 
the presence of a preretinal, intravitreal cloud of bright green 
fluorescence is invaluable in ophthalmoscopically confirming the 
location of each possible patch of true neovascularization, even 
when the ocular media are cloudy enough to conceal the individual 
vessels themselves. 


Even in the presence of clear media, certain vascular lesions, 
such as intraretinal microvascular abnormalities (IRMA), shunt ves- 
sels, and optociliary anastomoses, can be mistaken ophthalmoscopical- 
ly (but, importantly, not angiographically) for true neovascular tis- 
sue. The potential of these non-neovascular lesions for deleterious- 
ly affecting visual function is so far less than that of true new 
vessels that they ordinarily need not be therapeutically obliterated. 
In certain cases, such as optociliary anastomoses at the border of 
the optic disc, focal photocoagulation is not only unnecessary, but 
is actually contraindicated. The absence of fluorescein leakage 
in these vascular lesions is thus important therapeutically as well 
as diagnostically. 


Following attempts at ablating neovascular tissue by either 
focal or indirect photocoagulation, the production of pigmented 
chorioretinal scars renders the interpretation of the fundus pic- 
ture somewhat difficult, and neovascular tissue may be difficult to 
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Fig. 20A. Equatorial retina in sickle cell retinopathy. Note 
total ischemia in periphery. Arrow indicates arteriolar-venular 
anastomosis and site of future neovascularization (cf Fig. 20B). 


Fig. 20B. Same fundus location shown in Fig. 20A, 3 years later. 
Note development of leaking fan-shaped neovascularization at border 
of perfused and non-perfused retinal areas. 
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Fig. 21A. Early venous phase of angiogram shows large, fan-shaped 
neovascular patch in sickle cell retinopathy. 


Fig. 21B. Later venous phase of angiogram shows profuse leakage 
(cfs Fis. OZ1A)) : 
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see. In this circumstance, the use of fluorescein angioscopy or 
angiography is invaluable for detecting incompletely involuted or 
camouflaged neovascular patches. 


Although preretinal neovascularization virtually always shows 
profuse leakage of intraluminal fluorescein into the vitreous (Fig. 
21 A and B), some neovascular channels, if allowed to mature, ap- 
parently develop some barrier functions. As a result, vessels 
supplying fan-shaped neovascular patches occasionally lose much of 
their vascular incompetence over a period of months to years, and 
profuse leakiness is found only at the peripheral tips of the pro- 
liferating neovascular patches. 82 The ultrastructural basis for 
this functional maturation is unknown, but may include improved in- 
tercellular junctions, loss of endothelial attenuations (fenestra- 
tions), or development of more normal processes of active transport 
along the entire endothelial cell membrane. 


Ultrastructural studies of human preretinal neovascularization 
have been extremely limited. 83-85 Neovascular capillaries in dia- 
betics consisted of thinned endothelial cells, pericytes, and base- 
ment membrane. The endothelial cells had cytoplasmic fenestrations 
in one case, as well as abundant pinocytotic vesicles, both of which 
could represent the anatomic site of breakdown of the I-BRB and flu- 
orescein leakiness. Intercellular junctional complexes were present. 
In some new capillaries, erythrocytes were found extraluminally, 
but were bound by the basement membrane. 


In a related ultrastructural study of rubeosis iridis, we also 
observed that new vessels were characterized by the presence of cyto- 
plasmic fenestrations, basement membrane, intercellular junctions, 
and surrounding pericytes. 


In pars planitis Kenyon et al? have shown that intravitreal 
fibrovascular tissue is composed of well-differentiated capillaries 
with continuous non-fenestrated endothelial cells and junctional 
complexes. eo were surrounded by basement membrane and peri- 
cytes. Kenyon also studied a fibrovascular preretinal membrane ob- 
tained by vitrectomy in a case of presumed BRVO (although the diag- 
nosis was not well documented). The vessels appeared, once again, 
to be well-differentiated, with a continuous endothelium having oc- 
cluding junctions, basement membrane, and pericytes. Whether or not 
these specimens can be considered characteristic of true preretinal 
neovascularization (such as that occurring in diabetic retinopathy, 
sickle cell retinopathy, and so on) is questionable; additional 
specimens for ultrastructural analysis are badly needed. 


B. lLatrogenic Choroidovitreal Neovascularization 


Following overly intense focal photocoagulation, a florid stalk 
of choroidally derived blood vessels may erupt through iatrogenic 
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Fig. 22A. Choroidovitreal neovascularization following overly 
intense photocoagulation and iatrogenic rupture of Bruch's 
membrane (early venous phase of angiogram). 


Fig. 22B. Later venous phase of angiogram shows extensive 
intravitreal leakage of dye (cf Fig. 22A). 
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defects in Bruch's membrane and continue to grow into the preretinal 
and intravitreal spaces (Fig. 22).88,89 This complication of photo- 
coagulation is serious, because the vessels continue to grow, leak 
plasma profusely, and liberate large quantities of erythrocytes into 
the vitreous. The frequent resistance of these vessels to all thera- 
peutic attempts at obliteration may be related to a relatively high 
head of pressure and flow rate with which they are supplied from 
parent vessels in the choroid. 


IX. DIABETES MELLITUS 


Both background diabetic retinopathy (BDR) and proliferative 
diabetic retinopathy (PDR) contribute to markedly impaired vision, 
largely through mechanisms associated with faulty barrier function. 
Edema and exudates are often responsible for Beat macular func- 
tion observed in patients with BDR (Fig. 23) ,? 2 and BU ube so 
hemorrhage is a common blinding event in patients with PDR. 


Diabetic retinopathy in its varied manifestations represents 
a paradigm for many of the types of I-BRB breakdown previously con- 
sidered in this report(Figs. 24 and 25).93 Capillary microaneurysms, 
for example, with stretched, degenerated endothelial cells, charac- 
teristically show leakage early in the fluorescein angiogram and per- 
ianeurysmal staining late in the angiographic sequence. Lipid and 
PAS-positive material percolate through the aneurysmal wall and form 
hard exudates. Localized hemorrhages also tend to occur from micro- 
aneurysms, either through microscopic leakage or frank ruptures. 
Dilated capillaries noted around zones of nonperfusion often show 
fluorescein staining of their walls. Mural staining can also be 
marked along segments of venules or arterioles traversing zones of 
capillary nonperfusion (Fig. 25), presumably because of hypoxia or 
exposure to as yet undefined vasoactive metabolites generated by or 
associated with ischemia. Arterioles passing through poorly per- 
fused zones may also show truncated capillary stumps, which show 
faint fluorescein leakage at their tips.? Hairpin-shaped loops of 
capillaries and veins similarly show local breakdown of their endo- 
thelial barrier function, possibly from hypoxic loss of tone (with 
dilation and stretching) or from external contraction of pericapil- 
lary membranes. 


If plasma components leak into the macula, pooling of fluore- 
scein dye can often be seen (Fig. 26), sometimes in the petaloid 
configuration of CME. Premacular fibrosis with traction on the 
macula is another cause of leakage of intravascular fluid into the 
retinal tissue of diabetics.29 Preretinal neovascularization is 
associated with the most profound leakage of all these vascular 
abnormalities. The magnitude of the leakage is compounded by the 
presence of a structurally and functionally incompetent endothelial 
membrane, a hypoxic surrounding environment, and marked external 
traction from adherent vitreous membranes. 
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Fig. 23A. Diabetic circinate maculopathy. Parafoveal microaneurysms 
cause centrifugal leakage of plasmoid fluid (red-free view). 


Fig. 23B. Late venous phase of angiogram shows leakage from 
parafoveal microaneurysms (cf Fig. 23A). Vision is 20/100. 
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Fig. 23C. Six weeks after argon laser photocoagulation of parafoveal 
microaneurysms (red-free view). 


Fig. 23D. Six weeks after photocoagulation, angiogram reveals less 
fluorescein leakage (cf Fig. 23B). Vision has improved to 20/40 
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Fig. 24A. Diabetic background and proliferative retinopathy 
(red-free view; cf Fig. 24B). 


Fig. 24B. Angiographic appearance of leaking punctate microaneurysms, 
other microvascular anomalies, and new vessels (cf Fig. 24A). 
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Fig. 25. Diabetic retinopathy with punctate, hyperfluorescent 
microaneurysms and segmentally staining arteriole and venule 
crossing ischemic zone (arrows). 


Fig. 26. Diabetic retinopathy with extreme leakage of fluorescein 
into macula. 
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CONCLUSION 


Dysfunction of the I-BRB is observed in a large variety of 
ocular diseases. In many of them the mechanism of breakdown of the 
I-BRB is poorly understood, as is the mechanism of repair. Inter- 
cellular junctions remain intact in a surprisingly large number of 
retinal vascular disorders, and thus cannot be considered invariably 
responsible for the characteristically increased vascular permeabi- 
lity. Ophthalmoscopic characteristics of individual diseases de- 
pend on the location, chronicity, and severity of the barrier break- 
down in the renter 


In a few instances, such as branch retinal vein occlusion, em- 
bolic diseases, and hypertensive retinopathy, experimental animal 
models have provided an opportunity for angiographic and ultra- 
structural analysis. For most disorders of the human retinal vas- 
culature, however (including diabetic preretinal neovascularization), 
animal models do not exist, and clinicopathologic correlation of 
individual human cases will remain an important investigative tool. 


Fluorescein angiography continues to be an essential methodology 
for diagnostic and therapeutic assessment of barrier function in re- 
tinal vasculopathies. 
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SIGNIFICANCE OF ALTERATION OF THE OUTER BLOOD-RETINAL BARRIER 


August F. Deutman, M.D. 
Institute of Ophthalmology 


Nijmegen, Holland 


INTRODUCTION 


There are two main blood-ocular barriers: the blood-aqueous 
barrier and the blood-retinal barrier. 


The blood-aqueous barrier is formed by an epithelial barrier 
located in the non-pigmented layer of the ciliary epithelium and in 
the posterior iridial epithelium and by the andothelium of the 
iridial vessels. Both these layers have tight junctions of the 
"leaky" type. The permeability of the blood-aqueous barrier shows 
a Significant degree of pressure-dependent diffusion associated 
with transport activity, resembling the standing gradient osmotic 
flow model. The blood-retinal barrier is located at two levels 
forming an outer barrier in the retinal pigment epithelium and an 
inner barrier in the endothelial membrane of the retinal vessels. 
Both these membranes have tight junctions of the "non-leaky" type. 
The permeability of the blood-retinal barrier resembles cellular 
permeability in general, diffusion being directly related to the 
predominant roles of lipid solubility and transport mechanism. 
Abnormal functioning of the blood retinal barrier is one of the 
most important factors in the development of retinal diseases. 
Fluorescein angiography, a qualitative technique, has recently 
been extended by the use of guantitative vitreous fluorophoto- 
metry, which can assess the degree of breakdown of the blood-retinal 
barrier. 


In the normal eye, the retinal pigment epithelium is the first 
cellular layer which opposes the penetration into the retina of 
any substance originating from the choroid. Light microscopic 
studies indicated that the penetration of carbon, trypan blue and 
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fluorescein from the choroid into the retina stops at the level 
of the retinal pigment epithelium. ? 


Electron microscopy showed that adjacent pigment epithelial 
cells are united by extensive "zonulae occludentes" very similar 
to the ones previously described between the endothelial cells of 
the retinal vessels. 


These junctional complexes present all the morphological and 
permeability characteristics of the tight junctions of the "non- 
leaky" type. Ion flux and microelectrode experiments performed 
on isolated frog pigment epithelium demonstrated that the plasma 
membrane at the apex and the base of the epithelial cells has a high 
permeability to Kt, an “intra-cellular ion", and a relatively low 
permeability to Nat and Cl-, which are "extracellular ions". 


In conclusion, the intercellular spaces in the retinal pigment 
epithelium are firmly closed, most molecular movements being 
forced to take place through the more selective transcellular 
GOuce 


It has been demonstrated that Bruch's membrane, located bet- 
ween the choriocapillaris and the pigment epithelium of the retina 
does not obstruct the passage of fluorescein nor of tracers like 
horseradish peroxidase or ferritin. Bruch's membrane, like most 
other vascular basement membranes, acts as a diffusion barrier 
only to molecules of large molecular size. The capillaries of the 
choroid (the choriocapillaris) have structural characteristics 
which are entirely different from those of the retinal vessels. 
Their endothelium displays numerous fenestrations which occur 
preferentially in the region of the vessel wall that abuts on 
Bruch's membrane. Electron microscopic studies using a variety 
of tracers have shown that the vessels of the choroid, like those 
of the ciliary body stroma, are permeable to macromolecules. 


Trypan blue, fluorescein and similar substances permeate 
freely this vascular layer of the choroid. In summary, the 
choroicapillaris does not appear to have much significance in 
barrier function.~’ 


Decompensation of the outer blood-retinal barrier occurs in 
many different disorders. 


Acquired conditions well known are conditions such as central 
serous choroidopathy where fluorescein leaks from the choriocapil- 
laris through the retinal pigment epithelium in the subretinal 
space (Fig. la, b). It has been suggested that a dysregulation 
of the autonomous nerve system may play a role in this disease that 
occurs most frequently in the 4th decade. Hyperfusion of the 
choriocapillaris may result in decompensation of the outer blood 
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a b 


Fig. 1 ab. Classical central serous retinopathy showing obvious 
decompensation of the outer blood-retinal barrier. 


retinal barrier. It is hard to conceive that damage to the 
retinal pigment epithelium alone is the primary cause of this 
disorder. Argon laser treatment may be quite successful although 
spontaneous recovery generally occurs. 


In serous detachment of the retinal pigment epithelium, the 
outer blood retinal barrier appears to be intact and fluid accumu- 
lates under a detached but grossly intact retinal pigment epithelium 
(Fig. 2a, b). This condition may be idiopathic and benign. 

However, in the presence of drusen of the retinal pigment epi- 
thelium it is usually the precursor of dreaded disciform response 
with subretinal chroidal neovascularization. Photocoagulation 
generally will flatten a retinal pigment epithelial detachment, 
although spontaneous recovery may occur likewise. 


Subretinal neovascularization leads obviously to a breakdown 
of the outer blood-retinal barrier as soon as the new formed 
choroidal vessels penetrate the retinal pigment epithelium (Fig. 
3ab). In early stages there is sub-pigment epithelial neovascu- 
larization with an intact barrier in the beginning. Causes of 
subretinal neovascularization are multiple and it appears that 
almost any damage to the Bruch membrane - retinal pigment epi- 
thelial complex may create the setting for the occurrence of 
subretinal neovascularization. 
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Fig. 2 ab. Serous detachment of the retinal pigment epithelium (a) 
and situation after Argon laser treatment with flattening 
of the detachment (b). 


Fig. 3 ab. Subretinal neovascularization in vitelliform dystrophy 
with obvious decompensation of the outer blood-retinal 


barrier. 
™ 


The following etiological conditions are known in subretinal 
neovascularization: presumed histoplasmosis syndrome; angioid 
streaks (Fig. 4 ab); myopia; traumatic choroidal rupture (blunt 
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or directly perforating) (Fig. 5 ab; Fig. 6 abcdef); Argon laser 
treatment (high energy, small spot size); choroidal tumors; choroidal 
naevi; Toxocara canis infection; toxoplasmosis retinitis; rubella 
retinitis; > disseminated choroiditis; vitelliform dystrophy (Best) 
(Fig. 3 ab); dominant drusen; Sorsby's pseudoinflammatory dystrophy; 
polymorphic macular dystrophy; Stargardt's disease; Harada's disease; 
idiopathic subretinal neovascularization. 


a : b 
Fig. 4 ab. Subretinal neovascularization in angioid streaks before 
and after Argon laser treatment. 


a b 
Fig. 5 ab. Subretinal neovascularization in traumatic choroidal 
rupture before and after laser treatment of the feeder 
vessels in the scar (temporal to the subretinal neo- 
vascularization). There was complete regression of 


the centrally localized subretinal neovascularization 
and vision improved from 0.2 (20/100) to 1.0 (20/20). 
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We can conclude from this that any disturbance of the Bruch 
membrane-retinal pigment epithelial complex may be the beginning 
of subretinal choroidal neovascularization. 


In one of our patients a tiny metal wire, consisting mostly 
of copper, perforated the globe and hit the retina transvitreally 
at the posterior pole. Following this, true subretinal neovascu- 
larization developed. This appears to be a model for the develop- 
ment of subretinal neovascularization in humans. Argon laser 
treatment was only temporarily successful in destroying the new 
formed vessels (Fig. 6 abcdef). 


It is well-known, that rather heavy laser coagulation may 
destroy these neovascular membranes, and this therapy may be quite 
successful in paracentral subretinal neovascularization (Fig. 4ab), 
On the other hand, spontaneous disappearance of these vessels has 
also been seen. 


If subretinal neovascularization is too central to treat 
directly, one may consider the possibility of treating choroidal 
feeder vessels. In one such case we treated the choroidal feeder 
vessels of a centrally localized subretinal neovascular membrane 
in the only eye of a young patient who had subretinal neovascula- 
rization secondary to a traumatic choroidal rupture. By coagulation 
of the paracentral feeding vessels we could obliterate the centrally 
localized neovascular membrane (Fig. 5 ab). 


The pathogenesis of these new vessels is still completely 
obscure. It appears that neighboring tissues inhibit the outgrowth 
of cells as long as these tissues are intact. Thus, damage to or 
interruption of the internal limiting membrane may lead to pro- 
liferation of Muller cells or fibroblasts, giving rise to epiretinal 
fibrosis and macular "pucker". 


Holes in the neuroretina give rise to proliferation of retinal 
pigment epithelial cells, leading ultimately to massive periretinal 
proliferation (MPP) and decreased integrity of Bruch's membrane 
seems to lead to outgrowth of the capillaries of the choroid. The 
exact stimuli to these types of proliferation are completely unknown, 
SEES REEEEErEmEeeieeeee ee 
Fig. 6 a-f. Copper wire (a) accidentally perforating the retina 

just above the fovea (b) leading to subretinal neo- 
vascularization (c). After Argon laser treatment there 
was a temporary occlusion of these new vessels (d). 


However, new subretinal neovascularization destroyed 
central vision (e,f). This appears to be a human model 
of stimulating subretinal neovascularization in the 
macular area. 
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but it appears as if some type of (overreactive (?)) healing 
process takes place. Archer? (1977) thinks the most likely 
possibility is that the outer retinal layers functioning under 
stress may provide the needed stimulus to promote choroidal neo- 
vascularization. However, it is my feeling that breaks or dehis- 
cences in Bruch's membrane are also necessary. 


Inflammation of the neuroretina and retinal pigment epithelium 
Gepost atly will cause decompensation of the outer blood-retinal 
barrier. Leakage and staining of fluorescein is seen in inflam- 
matory retinal conditions such as subacute sclerosing panencephalitis 
(SSPE), toxoplasmosis retinitis, Rift Valley Fever retinitis, and 
cytomegalic inclusion disease and many others. It seems probable 
that there is leakage through the infected and swollen retinal 
pigment epithelial cells in these cases although there may be a 
breakdown of the tight junctions as well. 


Choroidal inflammatory conditions such as Harada's uveomeningeal 
syndrome, presumed histoplasmin choroiditis, disseminated choroi- 
ditis, will also give rise to obvious decompensation of the outer 
blood-retinal barrier. In Harada's disease, this is usually very 
prominent with large bullous detachments of the neuroretina. 


Obstruction of the flow in the precapillary arterioles of the 
choroid as seen in the so-called "acute posterior multifocal placoid 
pigment epitheliopathy" leads to definite decompensation of the 
outer blood-retinal barrier at the site of the poorly perfused 
lobules of the choriocapillaris (Fig. 7 abcdef). 


In serpiginous choroiditis a rather similar process may be 
observed. 8 Obviously trauma and tumors may lead to decompensation 
of the outer blood-retinal barrier as well. 


Haemangioma, melanomas, and metastases of the choroid are 
well known in this regard. As a rare condition, reticulum cell 
sarcoma (mimicking an acute retinitis) may be mentioned. 


It is quite striking that inherited retinal dystrophies are 
rarely causing an obvious decompensation of the outer blood-retinal 
barrier despite extensive atrophy and disappearance of the retinal 


$$$ ES 
Fig. 7 a-f. Non-perfusion of the precapillary choroidal arterioles 


beautifully seen in the early phases of fluorescein 
angiography (bc) in a patient with acute posterior 
multifocal placoid pigment epitheliopathy (a). In the 
late phases of angiography there is a definite decom- 
pensation of the outer blood-retinal barrier as the 
result of the vascular obstruction. 
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pigment epithelium. In many of these conditions, the choroid 
becomes atrophic as well and this may be one of the reasons that 
there is no obvious leakage of fluorescein. Nevertheless, it may 
be that quantitative vitreous fluorometry will demonstrate discrete 
leakage of fluorescein in the vitreous in early cases of hereditary 
retinal dystrophies such as retinitis pigmentosa, although it will 
be hard to distinguish leakage from the outer and the inner blood- 
retinal barrier. 


In conclusion we can state that alterations of the outer blood- 
retinal barrier play a very important role in a large variety 
of ocular diseases. It would be a great step forward if drugs 
could be developed that may stop decompensation or disruption of 
the outer blood-retinal barrier. Photocoagulation, laser therapy 
and steroids have already an important place in this regard, but 
obviously newer modalities of treatment should be developed. 
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Acute posterior multifocal plac- 
oid pigment epithelio- 


pathy, 372 
fluorescein angiography, 224- 
225 
Albumin 
rate of loss from vitreous body, 
168 
Alteration of the blood-brain 
barrier 


acute hypertension 
experimental induction, 270- 
QYP 
hyperosmotic schock by arabi- 
nose, 67-69 
model for osmotic opening, 89 
osmotic opening, 88-97 
critical thresholds, 93 
reversibility, 96 
time course, 95 
reversibility, 88 
ultrastructure, 259-260 
attentuated regions of endo- 
thelium, 73 
discontinuities in endothe- 
bin, 72 
endothelial channels, 73 
increased vesicular trans- 


jor, 72 
opening of tight junctions, 
70 


Alteration of the blood-optic 
nerve barrier 
papilledema, 234 
Alteration of the blood-retinal 
barriers 
blood-retinal barrier repair, 
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Alteration of the blood-retinal 


barriers (continued) 


blood-retinal barrier repair 


(continued) 
248-249 
cell proliferation, 235-236 
competitive inhibition of trans- 
ore, Ii 
cryocoagulation and diathermy, 
345 
detection by fluorescence mic- 
roscopy, 269-270 
diabetes mellitus 
vitreous fluorophotometry 
values, 203-207 
evaluation by fluorescein angio- 
graphy, 211-217 
experimental diabetes 
reversal by insulin, 206 
reversal by pancreatic islet 
transplantation, 206 
vitreous fluorophotometry 
values, 207 
experimental arterial hyperten- 
sion, 207 
inner blood-retinal barrier 
angiomatosis retinae, 232 
Behcet's disease, 230, 333 
branch vein occlusion, 280-292 
carbon monoxide poisoning, 327 
chorioretinitis, 224 
Coats' disease, 232, 345-348 
cystoid macular edema, 231 
338-341 
cytomegalovirus, 331 
diabetes, early changes, 354 
diabetic retinopathy, 228-230, 
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Alteration of the blood-retinal Alteration of the blood-retinal 
barriers (continued) barriers (continued) 
inner blood-retinal barrier inner blood-retinal barrier 
(continued) (continued) 
diabetic retinopathy (contin- von Hippel-Lindau disease, 
ued) 348-349 
354-358 methods of examination, 309 
Eales' disease, 331-333 outer blood-retinal barrier 
emboli, 327-329 acute multifocal posterior 
epinephrine, 330 placoid pigment epithelio- 
Favre-Goldman syndrome, 341 jockey, CAA AIS, SY 
herpes virus, 331 branch vein occlusion, 292-298 
high altitudes, 327 central serous chorioretino- 
hypertensive retinopathy, 228- Ratkhy, 219-2207 s6o—Sor7, 
AZOis BIS GL) chorioretinitis, 224 
hyposaiay S27—329 choroidal tumors, 227, 372 
inflammation, 330-341 experimental diabetes mellitus, 
metabolic alterations, 329- 272-275 
B80 Harada's disease, 222-224, 372 
jeubiekoneainuke: Eyentel, SsX0 inflammation, 372 
ocular sarcoidosis, 333 pars planitis, 224 
pars planitis, 2247, 333-338 photocoagulation, 226-227 
pathogenesis of breakdown, retinal pigment epithelium 
309 serous detachment, 217-219 
pathophysiology, 228-234 detachment of sensory retina, 
premacular fibrosis, 310-313 219=220 
prostaglandins, 330 serpiginous choroidopathy, 
radiation retinopathy, 343 225-226 
retinal arteriolitis, 333 subretinal neovascularization, 
retinal macroaneurysms, 313- 220=222),, 296-2987, 367=372 
318 ultrastructure of retinal pig- 
retinal neovascularization, ment epithelium altera- 
301-307, 349-352 tions, 240-245 
retinitis pigmentosa, 341 photocoagulation, 208, 345 
severe anemia, 327 repair capacity, 279 
stresses, 279-280 resistance to stress, 279 
stretching, 310-327 retinitis pigmentosa, 208 
syphilis, 333 carriers, 207-208 
tapetoretinal dystrophies and retinal edema, 257-265 
retinoschisis, 341-343 saturation of active transport, 
toxoplasmic retinochoroiditis, 197-198 
330-331 Aminoacid transport 
trauma, 343-345 blood-brain barrier, 119-131 
tuberculosis sola a2 energy dependence, 126-127 
ULEraStbucture, 236=2407)259- hormone effects, 128-129 
XO; BL inhibition, 126-127 
vein occlusion retinopathy, ion dependence, 124-126 
228-230, 318-325 nutritional influence, 129-130 
vitreous tug syndromes, 313 brain 


regional differences, 120-122 
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Aminoacid transport (continued) 
brain development, 122-124 
cerebral blood vessels, 122 
ciliary processes, 149 

Aminoacids 
transport at the blood-retinal 

loyewaantengsy, Ila alileroalshily 
148 

Angiogenesis factors 

retinal neovascularization, 302- 
307 

Angiomatosis retinae 
fluorescein angiography, 232 

Aqueous humor 
differences from CSF, 134 
drainage routes, 184-191 
iris drainage, 185 
outflow, 168 

Arabinose 
alteration of blood-brain bar- 

rier, 66-69 

Aramine 

induction of experimental hyper- 
tension, 270-272 

Arteriolitis of the retina, 

Ascorbic acid 
transport by ciliary processes, 

146 
transport by the retina, 146- 
147 

Astrocyte membrane 
alteration of assemblies, 
assemblies, 76 
regional variations, 76 
role in controlling extracellu- 

iene selliiaiel, 74) 
ultrastructure, 74 
blood-retinal barriers, 

ATP synthesis, 2 

ATPase systems 
general role in membrane trans- 

port, 40-41 


S85 


KS=H/7) 
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ATPase 
molecular structure, 35-36 
synthesis and protons movement, 
36 
ATP levels 
blood-brain barrier aminoacid 
EVanSDOGLt, mel 2Om ly, 
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Barrier alterations 
osmotic effects, 88-97 
ultrastructure 
attenuated repairs of endo- 
thelium, 73 


discontinuities in endothelium, 


YP 
endothelial channels, 73 
increased vesicular transport, 
We 
opening of tight junctions, 70 
Barriers 
role of the astrocyte membrane, 


74 
detoxification mechanisms, 149- 
52 
Basal membrane of retinal pigment 
epithelium 
proliferation in experimental 
diabetes, 274-275 
Behcet's disease, 333 


fluorescein angiography, 230 
Blood-aqueous barriers 
characteristics, 102-103 
Blood-brain barrier 
alteration 
causative agents, 66 
hyperosmotic arabinose, 66 
hyperosmotic urea, 66 
increase in vesicular trans- 
(Kors, OS 
aminoacid transport, 119-131 
regional variations, 120-122 
development 
aminoacid transport, 
drug penetration, 88 
endothelial membrane structure, 
Chis 
functions, 113-114 
horseradish peroxidase, 67 
identification of barrier 
opening, 67 
ionic lanthanum as a tracer, 
67-73 
model for osmotic opening, 89 
neurotransmitters, 114 
osmotic opening, 88-97 
critical thresholds, 


122-124 
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Blood-brain barrier (continued) 
permeability, 86-87 
methods of measurement, 83-88 
developmental changes, 122-124 
method of compartmental analy- 
sis, 84-88 
pharmacology 
methotrexate, 88 
reversible alteration of per- 
meability, 88 
role in autoregulation of flow, 
AS) 
role of astrocyte membrane, 74 
ULEGASERUCEUGe, 67 = 7/558 SZ 
Blood-ocular barriers 
characteristics, 102-103 
effects of stress, 269-275 
general concepts, 365-366 
Blood-optic nerve barriers, 
Blood-retinal barriers 
absorptive transport, 139 
active transport, 112-113, 
NO5=1199 
organic anions, 195-199 
joSiskeniilaisn,,  Ih7/7/ 
characteristics, 102-103 
chorioretinal interface 
retinal pigment epithelium, 
107-108 
clinical significance, 115 
concept of three components, 
134 
detoxification mechanisms, 
Wey 
electrolyte transport, 142-146 
evaluation by fluorescein angio- 


103 
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graphy, 212-216 
evidence for active transport, 
170 


extraceliniar space, 108-109 

extracellular space in retina 
fluid flow, 182-183 

functions, 113-114 

histamine effect, 101 

inner blood-retinal barrier 
analogy with brain capillaries, 

136 

definition, 110 


transport functions, 136 
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Blood-retinal barriers (continued) 


methods of clinical evaluation, 
US 
microenvironment of the retina 
Control wos 
neurotransmitters, 114 
osmotic flux of water, 142 
osmotic pressure differentials, 
183 
outer blood-retinal barrier 
analogy with brain choroid 
plexus, 135-136 
definitions, 110 
penetration kinetics, 174-175 
permeability, 257 
carrier-mediated penetration, 
bbe 
drug penetration, 175-177 
lipid-mediated penetration, 111 
measurement by vitreous fluoro- 
photometry, 115, 195-199 
oil-water partition coeffi- 
event 
passive diffusion, 110-111 
penetration kinetics, 174-175 
permeability coefficients, 
110=—1 
tracer studies, 
physiology, 257 
relative importance of compo- 
nents, 138 
retinal glia, 108-109 
retinal vessels 
ultrastructure, 104-107 
role in autoregulation of flow, 
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ES 
SCCreeOry ee ransSpomty nus 
Belleology a als ial 
transport 


absorptive potassium trans 
port, 144-145 

aminoacids, 112, 148-149 

ascorbic acid, 146-147 


glucose; Wid) ia 748 
in vitro evidence, 141 
lactate, 112 


magnesium, 146 
organic anion, 149-152 
prostaglandin, 149-152 
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Blood-retinal barriers (continued) 
transport (continued) 
prostaglandin, significance, 
iLSyil 
transport evaluation 
intraocular fluid concentra- 
tion in gradients, 139-140 
transport functions 


methods of evaluation, 139-141 
ultrastructure, 235 
water flow in the retina, 152- 
156 
Blood-retinal barriers system 
components, 156 


Blood-optic nerve barrier 
fluorescein angiography, 215 
Blood-vitreous barrier 
limitations of concept, 103 
Brain 
extracellular space, 
Bruch's membrane 
permeability, 


74,254-255 
107 
Ca2t-atTPase 


activity, 4: 
coupling with transport, 17-21 


Sarcoplasmic reticulum, 9-10,14 
temperature effects, 11 
Ca2t transport 
mitochondria, 37 
Carbon monoxide poisoning, 327 
Carriers 


in plasma membrane, 1 
Carrier-mediated transport 
blood-retinal barriers, 

Cell membrane 
composition, 1 
Cell proliferation 
alteration of blood-retinal 
barriers, 235-236 
Central serous chorioretinopathy, 
366-367 
retinal edema, 264 
fluorescein angiography, 
Cerebral blood vessels 
alteration of the blood-brain 
barrier 
ultrastructure, 
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Cerebral blood vessels (continued) 
aminoacid transport, 122 
differences from retinal blood 

vessels, 272 
aminoacid transport 
dependence on ion gradients, 
124-126 
endothelial membrane, 65-73 
endothelium 
histochemistry, 107 
methods to measure permeability, 
83 
model for osmotic opening, 89 
octanol/water partition coeffi- 
cients, 81 
osmotic opening, 88-97 
critical thresholds, 93 
reversibility, 96 
time-course, 95 
permeability, 81-83 
correlation with octanol/water 
coefficient, 86-87 
method of compartmental analy- 
sis, 84-88 
reversible alteration, 88 
routes, 70-73 
to horseradish, 67 
to ionic lanthanum, 67-73 
selective permeability, 82 
ultrastructure, 82 

Cerebral capillaries 

tight junctions 
opening, 65-73 


Chloroplasts 
role of proton gradients in 
ELanspoOne,Ss4—59 


Chloroquine retinopathy 
retinal pseudoedema, 265 
Choriocapillaris 
permeability characteristics, 
MOT, ALISO 
ultrastructure, 107 
Chorioretinitis 
fluorescein angiography, 224 
Choroid 
analogy with choroid plexus, 
35 
drainage of tissue fluid, 179- 
181 


382 


Choroid plexus 
analogy with choroid of the 
retina, 135-136 
Choroidal epithelium, vide reti- 
nal pigment epithelium 
nomenclature, 135-136 
Choroidal tumors 
alteration of the outer blood- 
retinal barrier, 372 
fluorescein angiography, 227 
Choroidal vessels 
fluorescein angiography, 213 
Choroidopathy 
central serous chorioretinopa- 
thy, 217-219, 366-367 
Harada's disease 


fluorescein angiography, 223- 


224 
serpiginous choroidopathy 


fluorescein angiography, 225- 


226 
Ciliary body vessels 
fluorescein angiography, 216 
Ciliary processes 
capillaries 
permeability, 179-180 
ultrastructure, 134 
in blood-retinal barriers 
third component, 133-134 


differences from choroid plexus, 


134 
Circinate retinopathy 
retinal edema, 265 
Coats' disease, 345-348 
fluorescein angiography, 232 
retinal edema, 263 
Cryocoagulation, 345 
Cystoid macular edema, 338-341 
fluorescein angiography, 231 
pathogenesis, 263-264 
Cytomegalovirus retinopathy, 331 


Diabetes mellitus 
duration 
vitreous fluorophotometry 
values, 206 
experimental 
effect on blood-retinal bar- 
riers, 272-275 
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Diabetes mellitus (continued) 
experimental (continued) 
reversal of alteration of 
blood-retinal barrier, 
206-207 
vitreous fluorophotometry, 207 
kinetic vitreous fluorophoto- 
metry, 204-205 
metabolic control 
vitreous fluorophotometry 
values, 206-207 
vitreous fluorophotometry 
studies, 203-207 
Diabetic retinopathy, 354-358 
development and vitreous fluoro- 
photometry, 205 
early alteration of blood-reti- 
nal barrier, 203-207 
fluorescein angiography, 228-230 
retinal edema, 264-265 
Diffusion 
retinal extracellular space 
tracers, 245-248 
through sclera, 180 
vitreous body, 166-170 
Donnan equilibrium, 54-59 
Drainage of intraocular fluids 
aqueous humor, 184-191 
choroid, 179-181 
optic nerve, 183 
Schlemm's canal, 190-191 
Drug penetration 
blood-retinal barriers, 175-177 


Eales' disease, 331-333 
Electrochemical gradients 
generation by the cell, 2 
Embolic retinopathy, 327-329 
Endophthalmitis treatment 
drug penetration into vitreous 
body, 175=177 
penicillin levels in vitreous, 
LT 
Endothelium 
cerebral blood vessels 
absence of vesicular trans- 
ere OD 
attenuated regions of endo- 
thelium, 73 
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Endothelium (continued) 
cerebral blood vessels (contin- 
ued) 
channels, 73 
discontinuities, 72 
histochemistry, 107 
increased vesicular transport, 
72 
model for osmotic opening, 89 
monoaminoxidase, 114 
Opening of tight junctions, 70 
tight junctions, 65-73 
ultrastructural analysis of 
osmotic opening, 91 
retinal blood vessels 
active transport of organic 
anions, 112-113 
aminoacid transport, 148 
Coats' disease, 347-348 
cytomegalovirus, 331 
damage by emboli, 329 
decompensation, 238-240 
disruption of cell junctions, 


236 
failure of junction formation, 
238 
focal attenuation, 237-238 
Glucosesteranspore,. lla 
histochemistry, 107 
increase of pinocytic activ- 
WE AROS23 7) 
potassium transport, 145 
stretching, 310-327 
transport functions, 136 
ultrastructure, 104-107 


ultrastructure in experimen- 
tal vein occlusion, 281- 
284 
ultrastructure of alteration, 
259-260 
proliferation 
experimental retinal vein 
occlusion, 291 
Epinephrine 
alteration of the blood-retinal 
barriers, 330 
Epithelium of the ciliary stroma, 
134 
Epithelium of the posterior cham- 
ber, 134 
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Exchange diffusion, 63-64 
Extracellular fluid 
retina 
free communication with vit- 
reous, 133 


Extracellular space 
blood-brain barrier, 74 
blood-retinal barriers 
tracer routes, 245-248 
fluid flow, 182-183 
brain 
fixation technigues, 254-255 
role of assemblies, 77 
movement of particles, 74 


retina, 108-109, 252-255 
edema, 257-265 
ve loaiel sElkeyi7, WS P—AbsyS 


Facilitated diffusion, 59-63 
mathematical model, 61-63 
Favre-Goldman syndrome, 341 
Flow 
intraocular fluids 
pressure differentials in the 
eye, 181-182 
reversal and retinal detach- 
ment, 183 
vitreous and choroid, 182 
vitreous body, 166 
Fluorescein 
acitve transport at the blood- 
retinal barriers, 112-113 
blood-retinal barriers 
permeability, 175 
characteristics, 200 
demonstration of active trans- 
jxerie, Masai 
intraocular dynamics, 195-199 
retinal loss from the vitreous, 


170 
tracer for fluorescence micros- 
Coin AOD= 27/0 


Fluorescein angiography 

acute multifocal posterior 
placoid pigment epithelio- 
pathy, 224-225 

angiomatosis retinae, 232 

Behcet's disease, 230 

central serous chorioretinopa- 
thy, 219-220 
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Fluorescein angiography (contin- 

ued) 

chorioretinitis, 224 

choroidal tumors, 227 

Coats' disease, 232 

cystoid macular edema, 231 

diabetic retinopathy, 228-230, 
354 

embolic retinopathy, 329 

fundus flavimaculatis, 213 

Harada's disease, 222-224 

hypertensive retinopathy, 
2505, 93254327 

"leakage" and blood-retinal 
barriers, 211-217 

limits in detection of leakage, 
BNP 

normal barriers, 

papilledema, 234 

pars planitis, 224 

photocoagulation, 226-227 

premacular fibrosis, 310-313 

retinal macroaneurysms, 313-318 

retinal pigment epithelium 


228— 


22 = 2G 


serous detachment, 217- 
219 

serous detachment of sensory 
retina, 219-220 

serpiginous choroidopathy, 225- 
226 

subretinal neovascularization, 
220-222 

types of fluorescence, 216-217 


vein occlusion 
experimental, 281 
retinopathy, 228-230, 318-325 
vitreous tug syndromes, 313 
Fluorescence 
microscopy, 269-270 
fluorescein angiography, 216- 
DG 
Fluorophotometry, vide vitreous 
fluorophotometry 
Flux, vide passive diffusion 
definition, 48 
equations, 48-54 
Fundus flavimaculatis 
fluorescein angiography 
leakage, 213 
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Glucose 
transport at the blood-retinal 
barriers, 111-112, 147-148 


Harada's disease 
fluorescein angiography, 222-224 
alteration of the outer blood- 
retinal barrier, 372 
Herpes virus retinopathy, 331 
Histamine 
effect on ocular vessels, 
Hormone effects 
blood-brain barrier aminoacid 
EL AnSDOVE Lolo 
Hyaluronic acid 
rate of loss from vitreous body, 
168 
Hyperfluorescence 
fluorescein angiography, 211-212 
limits of photographic detec- 
EON meee 
Hypertension 
blood-retinal barriers, 270-272 
Hypertensive retinopathy, 325-327 
fluorescein angiography, 228-230 
Hypoxia 
alteration of the blood-retinal 
barriers, 327-329 
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Idiopathic stellate maculopathy 
of Leber 
alteration of the blood-retinal 
barriers, 262-263 
Inflammation 
alteration of the blood-retinal 
barriers, 330-341 
Inner blood-retinal barrier 
Seeys alal(o) 
Insulin 
experimental diabetes 
reversal of alteration of 
blood-retinal barrier, 
ZO 
Intraocular fluid dynamics 
fluorescein, 195-199 
Intraocular fluid flow 
pressure relationships in the 
Bwyap IT Skakss2 
Intraocular fluids 
aminoacid concentrations, 148- 


INDEX 


Intraocular fluids (continued) 
aminoacid concentrations (con- 


tinued) 
149 
anterior drainage routes, 184- 
191 
ascorbic acid concentrations, 
146-147 
calcium concentrations, 145- 
drainage 
Schlemm's canal, 190-191 
uveoscleral, 185-189 
flow 
vitreous to choroid, 182 
glucose concentrations, 147 


magnesium concentrations, 145- 


146 

posterior drainage routes, 179- 
184 

potassium concentrations, 143- 
145 


Todide 
rate of loss from the vitreous 
across the retina, 170 
Ion gradients 
transport in blood-brain bar- 
rier, 124-126 
in plasma membranes, 34-39 
Ionic flows through membranes, 50 
Ionic lanthanum 
tracer for blood-brain barrier, 
65,, Sv—7/8 
Iris blood vessels 
alteration of permeability 
histamine, 106 
paracentesis, 106 
fluorescein angiography, 216 
permeability, 185 
ultrastructure, 104-107 
Irvine-Gass syndrome, see Cystoid 
macular edema 


Ischemia 
vulnerability of venous tissue, 
ES 
Junctions 
behavior to ionic lanthanum, 
67-73 
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Kinetic vitreous fluorophotometry, 
202-203 


Lactate 
transport at the blood-retinal 
barriers, 112 
"Leakage", vide Alteration of the 
blood-retinal barrier, 
Fluorescein angiography 


Macroaneurysms 
Retina, 313-318 
Magnesium transport 


blood-retinal barriers, 146 
Mitochondria 
role of proton gradients in 
transport, 34-39 


respiration, 2 
Mitochondrial membrane 

carriers, 37 
Mitochondrial transport 

calcium, 34 

Krebs cycle, 37 


Nat-K+t-ATPase 

alehesliAliesy, al 

composition, 32 

genetalmconceprs, 3S 

similarities with Ca2t-aTPase, 32 
Neovascularization 

choroidal, 352-354 

pre-retinal, 349-352 

development of barrier func- 


(HCN, SL 
differential diagnosis, 349 
ultrastructure, 352 
retinal blood vessels, 301-307 
subretinal, 220-222, 352-354, 
367-379 
development by trauma, 370 


etiology, 368-369 
experimental vein occlusion, 
296-298 
Nutritional influence 
on aminoacid transport in brain, 
TZ9 = 13.0) 
Newformed retinal vessels 
experimental retinal vein occlu- 
sion, 286-292 
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Neurotransmitters 
barrier function, 
Nicotinic acid 
alteration of the blood-retinal 
barriers, 330 


114 


Optic nerve 
fluorescein angiography, 
papilledema 
fluorescein angiography, 
barrier system, 103 
Organic anions 
active transport at the blood- 
retinal barriers, 112-113 
Organic anion transport 
blood-retinal barriers, 
Osmosis 
flow of water, 
Osmotic effect 
on blood-brain barrier, 88-97 
Osmotic gradients 
blood-retinal barriers, 
Osmotic pressure 
differentials across retinal 
pigment epithelium, 183 
Outer blood-retinal barrier 
analogy with brain choroid ple- 
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Plasma membrane (continued) 
lipid probing, 16 
membrane potential, 26 
molecular basis for transport, 2 
permeability, 47 
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Retinal blood vessels (continued) 
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Retinopathy (continued) 
vein occlusion retinopathy, 318- 
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neovascularization, 302-304 
Vein occlusion retinopathy, 318- 
B25 
fluorescein angiography, 228- 
230 
Vitreous body 
anatomy, 165-166 
diffusion and flow, 166 
diffusional pathways, 166 
drainage routes, 179-184 
drug concentration, 170-173 
electrolyte concentrations, 
142-146 
free diffusion, 133 
functions, 138 
lymphatic drainage route, 138 
measurement of anterior diffu- 
sion, 168 
measurement of rate of loss 
from, 167 
penetration kinetics, 174-175 
retinal loss of tracer substan- 
ces, 170 
sink-effect, 138 
Vitreous fluorophotometry 
basic examination, 201-202 
development of technique, 195- 
199 
diabetes mellitus 
duration, 206 
experimental, 207 
quality of metabolic control, 
205-207 
diabetic retinopathy 
development of lesions, 205 
equipment, 200-201 
examination techniques, 201-203 
experimental arterial hyper- 
tension, 207 
experimental diabetes 
reversal by insulin, 206 
experimental studies, 195-199 


391 
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